
Response to Reviewer#2 
 
We thank the reviewer for his or her helpful comments and insight. We respond to the general and 
specific points below. All the comments are addressed in the revised manuscript. 
 
GENERAL COMMENTS 
 
General Comment 1: This study explores the effect of clouds on heating rates driven by 
absorbing aerosols. They do so using observations and measurements sorted per different cloud 
types and coverage, separating the effects of black vs. brown carbon. 
The data is collected in U9 sampling site in Milan which is a superstation that contains 
instruments to measure radiation, filter collecting aerosols that are analysed for their optical 
properties, meteorological station and a Lidar. 
The topic of the paper is important. Exploring heating rates for different aerosol types under 
different cloud conditions will provide a very important information for aerosol effect on 
climate, and clouds. As the authors pointed out direct measurements of heating rates in 
different cloud conditions are quite uncommon. 
The basic cloud classification makes sense in particularly as they added Lidar information for 
the clouds base. The results clearly show how cloudiness can affect heating rates and the bland 
between the radiation types. 
 
Answer to General Comment 1: We thank the reviewer for the comment which remarks on the big 
effort put in this work, and the quality of both the methodological approach and of the obtained 
experimental results.  
 
General Comment 2: One drawback of the paper is that it is very technical and not always easy 
to follow. Even if one understands the radiative transfer concepts, the physical assumptions and 
results are buried in the technicalities. It contains many technical terms that may appeal only 
to the instrumentation experts. Being familiar with radiation transfer concepts, I’m sure that 
there is a better way to describe the measurements and analyses such that a non-expert in the 
instrumentation could better enjoy it. The concertation of acronyms is high. It is hard to 
remember all of them and some that appear again later in the text force the reader to look back 
for their meaning and it disturbs the reading. On the other hand, some basic concepts that are 
key in this study are not well explained. The authors send the reader to read many other 
references for the basic methods and the equations. I believe that such study could be more of 
a standalone in which the basic physics is explained in a better way using less technical jargon. 
 
Answer to General Comment 2: Thank you very much for this comment which enabled us to improve 
the scientific quality and presentation of the paper. Reviewer#1 asked for a shortening of the results 
and discussion as well as an improvement of the logical steps in the methods sections. Thus, the paper 
was substantially changed and improved to make it more readable and easier to follow. We have 
rearranged the sections to improve readability, especially the results and discussion section in the 
manuscript:  

- In section 3.1 we introduce the environmental context of the measurement campaign and the 
magnitude of the observed parameters (“eBC, irradiance, HR and cloud data”). We separated 



the cloud analysis from the light-absorbing aerosol analysis. All the cloud analysis is 
presented to the reader in this section. 

- The old sections 3.2 and 3.3 were re-written in agreement with the changes performed in 
section 3.1, and merged in a new section 3.2 with two sub-sections. The first discusses the 
influence of clouds in term of cloudiness while the second the influence of cloud type sub- on 
the total HR only (sections 3.2.1 and 3.2.2, respectively). 

- Finally, the old section 3.4 (now section 3.3) was completely re-written merging and 
shortening the two original sub-sections 3.4.1 and 3.4.2. We discuss the role of cloudiness, 
cloud type and their effect on the HR apportioned with respect to BC and BrC fractions. 

 
We have reduced the number of equations in the text. Instead of Eqs. 1-3  we now present only 2 
equations in the main body of the manuscript, as follows:  
“The radiative power absorbed by the aerosol in a unit volume of air (W m-3; ADRE: absorptive direct 
radiative effect) describes the interaction between the radiation (either direct from the Sun, diffuse by 
atmosphere and clouds, or reflected from the ground) and the LAA (BC and BrC, Ferrero et al., 2018) 
and is determined as follows: 
 

𝐴𝐷𝑅𝐸 = ∑ ∫ ∫
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where  the subscript dir, dif and ref refers to the direct, diffuse and reflected  component of the spectral 
irradiance F(λ, θ) of wavelength λ that strikes (from any azimuth) with an angle θ (from the zenith) 
the aerosol layer  and babs(λ) is the wavelength dependent aerosol absorption coefficient. Please see 
Supplemental Material for further details.  
To obtain the heating rate of the light-absorbing aerosol HR  we divide ADRE by the air density (r, 
kg m-3) and the isobaric specific heat of dry air (Cp, 1005 J kg-1 K-1): 
𝐻𝑅 = 3

45+
⋅ 𝐴𝐷𝑅𝐸                                                                                                                           (A2) 

 
We introduce the indices dir, dif, ref to avoid the readers’ confusion about the original “n” symbol 
which refered to each of the different kinds of impinging radiation. 
In keeping with your suggestion, we removed many acronyms and technical terms whenever possible. 
In agreement with a suggestion from reviewer#1, we prepared a list of acronyms and symbols (used 
in the manuscript) which was added in the new section Appendix A at the end of the paper.  
 
In line with the suggestion to reference more papers, we added in the Supplemental Material an 
alternative notation of equations 1 as follows: 

𝐴𝐷𝑅𝐸 = ∫ 𝐴𝐹(𝜆)𝑏)*+(,)𝑑𝜆,                                                                                                          (A3)  
 
where AF(λ) represents the actinic flux, that is the total spectral flux of photons per unit area and 
wavelength interval illuminating the molecules/aerosol at a particular point in the atmosphere where 
the term actinic refers to radiation capable of causing photochemical reactions or capable of being 
absorbed. The actinic flux (actually a flux density) consists of three components: direct solar 
radiation, diffuse radiation originating from scattering in the atmosphere, and diffuse radiation 
originating from reflection at the earth’s ground surface. Accordingly, the actinic flux at a particular 



point in the atmosphere is calculated by integrating the spectral radiance over all directions in space. 
The actinic flux must be distinguished from the spectral irradiance, which is the hemispherically 
integrated radiance weighted by the cosine of the angle of incidence, and represents the photon flux 
per unit area through a plane surface. A more exhaustive description can be found in Liou (2007), 
Tian et al. (2020) and Gao et al. (2008). We added these references to the method section 2.2 of the 
manuscript and deepened the topic in the Supplemental material. 
 
SPECIFIC COMMENTS 
 
Specific Comment 1 (SC1): The aerosols that are collected at the station level serve as the only 
aerosol measurement and the basic assumption is that the filters collected at the station 
represent the whole boundary layer and therefore the heating rate is uniform for the layer 
below the clouds. I wonder how general this assumption is? This is always a key question of any 
work that try to link measurements near the surface to the atmospheric column. Is it always 
well mixed? Can the authors show that there is no dependency on the time of the day or the 
winds or the meteorology in general? Is it true for all seasons? For all cloud types? Moreover, 
if they have Lidar there can’t they validate this assumption using the Lidar information. It 
would be nice to see uniform backscatter below the clouds to strengthen this basic assumption. 
The radiation measurements are collected in the station and are product of electromagnetic 
radiation interaction with the whole atmospheric column. What about the contribution of 
aerosols above the boundary layer. Is it assumed to be canceled by the proposed method? Or is 
it assumed to be negligible? If not, how such aerosols can affect the results? 
 
Answer to Specific Comment 1 (SC1): Thank for all your questions. They are related to the 
methodology. In order to properly answer them it is necessary to address the following points: 1) the 
advantages and limitations of the applied methodology (relating to the measurements and derivation 
of the heating rate HR) and 2) the environmental context of the measuring site in the Po Valley 
(addressing the representativeness).  
 
Methodology advantages and limitation 
 
The most important advantages/limitations of the new method are resumed here. The first 
consideration is that the ADRE (and thus the HR) is the vertical derivative of the aerosol direct 
radiative effect (ADRE=dDRE/dz; see Ferrero et al. (2018)); we provide a detailed analysis at the 
end of the answer (Methodology details and demonstration). Thus, both the ADRE and the HR 
become independent from the thickness (Δz) of the investigated atmospheric layer as happens for 
routine atmospheric pollution measurements (i.e. BC, PM and particle number concentrations). The 
most important advantages in terms of HR measurements are: 

- no radiative transfer assumptions are needed (i.e. clear sky situation), the input parameters 
into equations A1 and A2 are all measured, 

- measurements of the spectral irradiance and the absorption coefficient are carried out at high 
time resolution, allowing to follow the HR dynamic with same temporal resolution, 



- measurements of the spectral irradiance, the absorption coefficient and thus the HR are carried 
out in any sky conditions, enabling to investigate the impact by the cloud layers on the near-
surface HR. 

The most important limitation is the following: 

- as both the ADRE and the HR are independent of the thickness (Δz) of the investigated 
atmospheric layer, they refer to the vertical location of the atmospheric layer in which both 
the ADRE and the HR are experimentally determined. In the present work, they are 
determined in the near-surface atmospheric layer.   

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 with a high time resolution as a 
function of sources, species of light absorbing aerosol, and cloud cover. The use of the vertical 
derivative of the Direct Radiative Effect allows us to obtain a temporal continuity of ADRE and HR 
but “paying” it with the loss of vertical information. 

Due to your question, we first clarified these points in the methodological section 2.2 expanding the 
sentence (lines 245-247 in the submitted version of the manuscript):  

“As already pointed out in Ferrero et al. (2018), it is worth recalling that in the present method 
(equation 1), both the ADRE and the HR are independent of the  investigated atmospheric aerosol 
layer thickness.”  

and at lines 250-254:  

“The main advantage of the new method to quantify the impact of clouds on the light-absorbing 
aerosol HR is that it allows to obtain experimental measurement (not estimations) of ADRE and HR, 
which are continuous in time with a high time resolution, and resolved in terms of sources, species 
of light-absorbing aerosol, cloud cover, and cloud types.” 

 

Environmental context of HR measurements 
 
In this section we address the representativeness of the HR determination at ground and answer the 
Reviewer’s questions. As reported in the submitted version of the manuscript at lines 247-250: “BC 
and HR vertical profiles data previously collected both at the same site and in other basin valley sited 
(Ferrero et al., 2014) revealed that ADRE and HR were constant inside the mixing layer. The 
methodology is therefore believed to be valid for applications in atmospheric layers below clouds, 
assuming that near-surface measurements are representative of the whole mixing layer.” This 
assumption is the core of your question.  

The aim of the paper is the investigation of the impact of cloudiness and cloud-type on the HR induced 
by light absorbing aerosol. Ground-based highly time-resolved HR data are suitable to reach this goal 
– we need to introduce the representativeness shown in Ferrero et al. (2014) over Milan.  

We performed combined in-situ and remote vertical profile measurements in Milan with tethered 
balloons and a lidar (in cooperation with the ISAC-CNR of Rome) since 2005. The collected data 
shows a homogeneous distribution of aerosol concentration within the mixing layer. Figure A1 



reports averaged wintertime balloon profiles (PM concentrations and extinction coefficient) and lidar 
range corrected signal for Milan (Ferrero et al., 2019). 

 
 
Figure A1. Milan averaged wintertime a) balloon profiles of PM1, PM2.5 and PM10 and extinction 
coefficient b) lidar range corrected signal. Data for the present figure are from Ferrero et al. (2019). 
 
The same condition was verified by the lidar-ceilometer data collected during the present campaign 
(Figure A2, here below). 
 

 
Figure A2. Milan averaged wintertime lidar range corrected signal (SxR2) during the campaign 
presented in the manuscript. 
 
Vertical profiles data reported in Figure A1 and A2 experimentally verify the assumption “that near-
surface measurements are representative of the whole mixing layer” in wintertime in Milan. 
Figures A1b and A2 show a typical mixing layer height diurnal behavior in wintertime conditions, 
with the mixing layer height not exceeding 500 m above ground. The same was previously retrieved 
from the vertical gradient of tethered balloon aerosol profiles (Ferrero et al., 2010; Figure A3). Within 

 

These high correlation values suggest the possibility to use the
simple AOD/MH rescaling to spatialize the PM ground-concentration
on a monthly time basis, especially for PM2.5 and PM10.

The very good agreement of monthly averaged data also suggests
that uncertainties related to other parameters on a day-by-day basis
might compensate each other. This is discussed in the following sec-
tions.

Finally, it has to be considered that, theoretically, a further im-
provement could be achieved by using the lidar-derived AOD fraction
constrained just within the MH. However, in this work the complete
PM10, PM2.5 and PM1 temporal series were only present in 2006, while
the lidar/ceilometer data were only available in 2007 (section 1 and
2.2). Considering the primary goal of the work, the use of PM phe-
nomenology to select the best approach for the AOD to PM conversion,
it was avoided to arti!cially increase the algorithm complexity and
uncertainty with arbitrary assumptions (e.g. constant fraction of AOD
above the MH in one season) as the AOD fraction above the MH cannot
be a-priori known day by day. However, it represents a further devel-
opment for future investigations.

3.3. The issue of water

As mentioned in Section 2.5, a further discrepancy is present when
relating a measurement of AOD to a measurement of PM: the wet AOD
versus dry PM conditions. Several authors discussed the importance of
using the PM HGF to solve this issue (Levy et al., 2007; Wang et al.,
2010). Some authors obtained bene!ts from this (Yang et al., 2018;
Wang et al., 2010), while others did not (Schaap et al., 2009).

Here it is not in discussion the need for a RH correction from a
theoretical point of view (Levy et al., 2007), but the limits of having the

correct tools to achieve this result, considering the current techniques
used to measure the HGF and its vertical variability. Thus the question
arises: is it always necessary to introduce it in the AOD-to-PM conver-
sion algorithm?

Usually, the RH correction is of the form (Di Nicolantonio and
Cacciari, 2011; Wang et al., 2010):

= !" ## $%#
HGF RH

CP
1
1

!

(7)

where ! is the coe"cient controlling the aerosol's hygroscopic growth
and CP is the critical point from which it starts. However, this equation
describe a monotonic HGF while, as introduced in Section 2.5, the PM is
subjected to a hysteresis cycle due to the presence of both DRH and
CRH. Fig. 9 reports the experimentally-derived, season-resolved fre-
quency histograms of both DRH and CRH.

As it possible to observe, and as reported in D'Angelo et al. (2016),
winter samples showed lower DRH and CRH (on average 55.2 ± 0.7%
RH and 46.9 ± 0.6% RH), conversely the summer samples showed
higher DRH and CRH (on average 71.4 ± 1.0% RH and 62.6 ± 1.2%
RH, respectively). They represent the CP needed for hygroscopicity
correction. It noteworthy that they are twice for each season due the
hysteresis cycle of the aerosol (Fig. 9). For spring and summer inter-
mediate values can be used as demonstrated in Casati et al. (2015).
Thus, we immediately specify that in the present work the experimental
HGF data were used due to the presence of a hysteresis cycle instead of
using ! in eq. (7) and a classical monotonic response function.

The variations of both DRH and CRH during the year are related to
the changes in the aerosol chemical composition along seasons
(D'Angelo et al., 2016; Martin, 2003; Ferrero et al., 2015). Fig. 10 shows
the chemical composition of Milan both during winter and summer:

Fig. 7. Vaisala LD40 lidar ceilometer range corrected signal (RCS, or SxR2), proxy of the vertically-resolved aerosol concentration, as averaged during: a) January
2008 (as representative of the winter behaviour) and b) July 2007 (as representative of the summer behaviour). White dots represents the 50th percentile.
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MH?

To answer the !rst question, we used experimental vertical pro!les
obtained using the tethered balloon. Particularly, wintertime averaged
pro!les, reported in Ferrero et al. (2014), for both bext (calculated at
550 nm using the Mie theory) and PMx were considered. They are re-
sumed in Fig. 6 (altitudes < 1 km).

The collected wintertime data showed that below the MH
(~0.25 km) bext was 386 ± 12Mm!1 dropping down to
151 ± 37Mm!1 in the residual layer (RL), and to 4 ± 3Mm!1 in the
free troposphere (FT), matching with those obtained by Ferrero et al.
(2011a) at 2280m asl at ASC (4 ± 1Mm!1). This extinction turns into
AOD550= 0.165 below MH, 0.015 in the RL and 0.009 in the FT. This
means that 87.0% of AOD signal was built up within the MH, 8.2% in
the RL and 4.9% in the FT. This situation is similar to that reported in
Barnaba et al. (2010) over Ispra (Italy). It is also con!rmed by the ty-
pical aerosol pro!les observed by lidar-ceilometer at the observational

site in winter and summer (Fig. 7a–b).
Moreover, as Figs. 6 and 7 show, in winter both the PM con-

centrations and the lidar range corrected signal (RCS or SxR2) were
quite homogeneous inside the mixing layer. However, it has to noticed
that in summer (Fig. 7b) this homogeneity is found only close to the
MODIS-Terra overpass. Instead, a PM depletion close to the ground and
a PM increase at the top of MH is observed later, close to the MODIS-
Aqua overpass. This behaviour, recently explored by Diemoz et al.
(2019), and previously discussed in Curci et al. (2015), is related to a
synergy between the wind-driven removal processes (cleaning the
Milan atmosphere in the afternoon due to a mountain-valley breeze
regime) and to secondary PM formation with altitude, especially of
ammonium nitrate. The consequences of this behaviour (from a che-
mical and HGF point of view) will be addressed in section 3.3. Here we
just highlight that, from a vertical prospective, these observations
support the fact that, in the Milan area, the use of MODIS-Terra data is
less critical than those of the MODIS-Aqua ones to be converted into
ground-PM.

In summary, all the aforementioned considerations stress the im-
portance of the knowledge concerning the vertical behaviour in at-
tempting the rescaling the columnar AOD to the in situ PM. In this
respect, the knowledge of the MH (even when used as surrogate of the
e"ective PM scale height, e.g. Di Nicolantonio and Cacciari, 2011)
appears fundamental. Still, even in winter when most (86%) of AOD is
built up within the MH, the assumption of considering the AOD signal
as coming exclusively from the MH should be considered an approx-
imation (about ~14% of the AOD being built above).

To further illustrate the important role of the aerosol vertical dis-
tribution in the AOD-to-PM conversion over the Milan area, we show in
Fig. 8a monthly-mean AOD and PM data.

As previously observed by Barnaba et al. (2010), the two parameters
appear inversely related with no clear correlation both daily (Fig. 8b)
and monthly (Fig. 8c). As well demonstrated in that study, the AOD-PM
temporal phase shift is due to the di"erent vertical distribution of the
particles over the year. This further calls for the need to take into ac-
count the vertical information to rescale AOD to ground-level PM va-
lues. If the complete vertical pro!le is not available, at least a para-
meter useable as a proxy of the particle distribution along the
atmospheric column (e.g., the MH) should be used.

This brings us back to the need of using modelling simulation of the
MH validated at the time of satellite overpass (see section 2.4). Thus,
MM5 MRF MH simulation validated in Ferrero et al. (2011b) were used.

When rescaling the AOD with the MH, AOD/MH and PMx become in
phase (Fig. 8d) giving positive correlation values (R2) of 0.66, 0.65 and
0.50 for daily PM10, PM2.5 and PM1, respectively (Fig. 8e). If monthly
averaged data are considered, the correlations improve up to 0.90, 0.94
and 0.69 for PM10, PM2.5 and, PM1 respectively (Fig. 8f).

Fig. 5. a) Daily trend of PM2.5 during winter and summer at Torre Sarca (red and light blu bars represent the time window of Terra and Aqua overpass); b) di"erence
between PM concentrations measured at ground during Terra and Aqua overpass with respect to the 24 h-average PM data in winter (blue bars) and summer (orange
bars).

Fig. 6. PM and bext (at 550 nm) wintertime average pro!les over Milan.
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the mixing layer, aerosol concentrations were uniform (as reported in Figure A1) along each time of 
the day.  
 

 
Figure A3. Diurnal variation of the mixing layer height. Plot taken from Figure 4, Ferrero et al. 
(2010). 
 
Finally, in Ferrero et al. (2014), we explored the vertical behavior of the light absorbing aerosol HR. 
It is reported here below in Figure A4. 
 

 
Figure A4. Heating rate (HR) vertical profile, with the normalized height Hs = -1 at ground level and 
0 at the top of the mixing layer. Plot taken from Figure 10, Ferrero et al. (2014). 

 

Figure A4 shows that the HR can be considered constant inside the mixing layer, making near-surface 
measurements representative of the mixing layer height.  

Finally, as shown by both Figure A1 and A2 and as reported in Ferrero et al. (2019) the collected 
wintertime vertical data in Milan showed that 87.0% of AOD (aerosol optical depth) signal was 

3920 L. Ferrero et al.: Vertically-resolved particle size distribution

Table 1. Aerosol volume concentration (mean and mean standard deviation �m) at ground-level (G), above the mixing layer (AML) and
the ratio between the two. Data were collected in winter (DJF months; N profiles = 142) and in summer (JJA months; N profiles = 72). V1,
V2.5, V10 and their in-between V1�2.5 and V2.5�10 are calculated considering particle smaller than 1 µm, 2.5 µm, 10 µm and in the ranges
1–2.5 µm and 2.5–10 µm. Concentrations measured above the mixing layer are normalized to ground pressure and temperature.

Volume conc. Ground-level (G) Above the mixing AML/G (%)
( µm3 cm�3) layer (AML)

V1 V2.5 V10 V1�2.5 V2.5�10 V1 V2.5 V10 V1�2.5 V2.5�10 V1 V2.5 V10 V1�2.5 V2.5�10
Winter mean 20.0 27.7 43.9 7.7 16.2 5.9 7.4 8.7 1.5 1.3 30.4 27.1 20.3 20.8 8.7
Winter�m 0.8 1.0 1.6 0.3 0.9 0.4 0.5 0.6 0.1 0.1 1.9 1.6 1.2 1.2 0.8
Summer mean 3.5 11.4 26.3 7.8 14.9 1.3 5.5 10.4 4.1 4.9 38.7 42.4 36.6 43.6 33.2
Summer�m 0.2 0.7 1.6 0.6 1.0 0.1 0.6 1.1 0.5 0.6 1.9 2.9 3.3 3.5 4.2
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Fig. 4. Hmix (m) and Hmix growth speed (m/h) hourly averaged
values for: (a) winter (DJF months; N profiles = 142), (b) summer
(JJA months; N profiles = 72).

(dp>1.6 µm; Sect. 3.2.2) separately from the fine fraction be-
haviour (dp<1.6 µm; Sects. 3.2.3 and 3.3).
This section examines the relationship between Hmix and

aerosol property changes. Number size distribution and
chemical composition data, collected above the mixing layer,
are compared with those collected near ground-level inside
that layer. This is investigated both in winter and summer, at
a time of stable conditions and transport events.

Fig. 5. Number-size distribution of aerosol at ground-level and
above the ML both in winter (a) (DJF months; N profiles = 142)
and summer (b) (JJA months; N profiles = 72).

3.2.1 Number and volume concentration above the
mixing height

The power of the mixing layer to trap both primary and
secondary particles is shown by those profiles reported in
Fig. 2a, c, e and f. This influences the ratio between parti-
cle concentration (number and volume) measured above the
mixing layer to that measured at ground level.

Atmos. Chem. Phys., 10, 3915–3932, 2010 www.atmos-chem-phys.net/10/3915/2010/
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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) normalizing 1DREATM 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 ±
16.2mWm�3

) followed by TR (84.3 ± 11.5mWm�3
) and

by ME (45.2 ± 5.1mWm�3
); the same order was observed

considering AMH data: higher values were found over MI
(36.2± 6.2mWm�3

) followed by TR (32.2± 7.1mWm�3
)

and ME (22.0 ± 3.4mWm�3
). Finally, the FT experienced

the lower absorption: 0.9± 0.1mWm�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 and babs
(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 ±
1.2Kday�1 over MI, 6.2 ± 0.8Kday�1 over TR and 3.4 ±

www.atmos-chem-phys.net/14/9641/2014/ Atmos. Chem. Phys., 14, 9641–9664, 2014



contributed to within the mixing layer, 8.2% in the residual layer and 4.9% in the free troposphere. 
The impact of clouds on the incoming radiation reaching the mixing layer is therefore dominant. 

We added Figure A2 in Supplemental Material and the aforementioned consideration in section 2.2. 
Here below, as written at the beginning of this answer, the method details and demonstration. 

 
Methodology details and demonstration (Ferrero et al., 2018) 
 
We start from the radiative transfer concept of the instantaneous aerosol Direct Radiative Effect 
(DRE; W m-2) which can be quantified as the change in the net radiative flux between the atmospheric 
conditions with aerosols (aer) and without the aerosols (Qaer(z) and Q0(z), respectively) in the 
atmosphere across the surface at altitude z: 

𝐷𝑅𝐸(𝑧) = 𝑄)2/(𝑧) − 𝑄6(𝑧)                                                                                                                    (A4) 

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 (DDRE; W m-2): 

𝛥𝐷𝑅𝐸 = 𝐷𝑅𝐸(𝑧 + 𝛥𝑧) − 𝐷𝑅𝐸(𝑧)                                                                                                                     (A5) 

From DDRE, the instantaneous heating rate (HR; K day-1) of the same atmospheric layer can be 
computed as follows: 

𝐻𝑅 = 78
79
= − :

5+

;<=>
?@

                                                                                                                         (A6)  

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, Dp is the pressure difference between the top and the 
bottom of the considered layer. 

A more useful definition of the HR is based on the thickness of the atmospheric layer (Δz), and can 
be obtained introducing the hydrostatic equation (dp = -rgdz) into Eq. A6: 

𝐻𝑅 = 78
79
= 3

45+

;<=>
?A

                                                                                                                                 (A7) 

where r represents the air density (kg m-3). The last term of Eq. A7 (ΔDRE/Δz) represents the radiative 
power absorbed by the aerosol for unit volume of the atmosphere (W m-3) and is defined as the 
absorptive direct radiative effect (ADRE) of light-absorbng aerosols. The ADRE is the vertical spatial 
derivative of the DRE (dDRE/dz). Hence, the HR becomes: 

𝐻𝑅 = 3
45+

⋅ 𝐴𝐷𝑅𝐸                                                                                                                                     (A8) 

Thus, any method able to determine the ADRE at high time resolution will produce continuous highly 
time-resolved time series of HR.  

Let us consider a near-surface atmospheric layer of thickness Δz on which direct or diffuse or reflected 
monochromatic radiation ray Fn(λ,θ) of wavelength λ strikes with a zenith angle θ. We use the 
subscript n to denote the type of radiation: direct, diffuse or reflected. The amount of radiation 
absorbed by the aerosol within the present layer is as follows: 



𝛥𝐷𝑅𝐸B(𝜆, 𝜃) = 	𝐹B(𝜆, 𝜃)(1 − 𝜔(𝜆)):1 − 𝑒CD(,)/"#$'<                                                                                      (A9) 

where (1- ω(λ))(1-e-τ(λ)/cosθ) represents the fraction of light absorbed within the layer and is function 
of: ω(λ)  – the single scattering albedo of the aerosol within the atmospheric layer, and τ(𝜆) – the 
aerosol optical depth. The ω(λ) and τ(λ) terms can be computed from the aerosol extinction, scattering 
and absorption coefficients (bext (λ), bsca(λ)  and babs(λ)): 

𝜔(𝜆) 	= 	 *,-.(,)
*,-.(,)F*./,(,)

                                                                                                                                   (A10) 

𝜏(𝜆) 	= 	∫ 𝑏2G9(𝜆)		𝑑𝑧
;A
H                                                                                                                                   (A11) 

Now, if the atmospheric layer is thin enough so that τ(λ) <<1, the term (1-e-τ(λ)/cosθ) can be simplified 
introducing the Taylor series and the radiative power DDREn(λ,θ) absorbed by the aerosol within that 
atmospheric layer can be computed from eq. A6 as follows: 

𝛥𝐷𝑅𝐸B(𝜆, 𝜃) = 	𝐹B(𝜆, 𝜃)(1 − 𝜔(𝜆))	
D(,,')
"#$'

                                                                                                      (A12) 

In this form, DDREn (λ,θ) is not useful because it is a columnar quantity which again depends on τ(λ) 
that is integrated along the vertical direction.  

Considering again an atmospheric layer thin enough so that τ(λ)<<1 it is also possible to assume 
Fn(λ,θ)≈const and ω (𝜆) ≈const through the whole Δz; thus, recalling the ADRE definition 
(ADRE=dDRE/dz), and combining Eq. A10 with Eq. A11 and Eq. A12, it is possible now to write: 

𝐴𝐷𝑅𝐸B(𝜆, 𝜃) = 	
-<=>0(,,')

-A
=	𝐹B(𝜆, 𝜃)

(3CI(,))
"#$'

-D((,)
-A

=	 !0(,,')
"#$'

𝑏)*+(𝜆)                                               (A13) 

Equation A13 offers the opportunity to determine the ADRE, and thus the HR (eq. A5), just combining 
the absorption coefficient of light absorbing aerosols babs(λ) and radiation measurements Fn(λ,θ). 
Thus, the resulting ADRE and HR are only related to the light absorbing aerosols (and not to gases). 
Obviously, the atmospheric absorption and related HR can be obtained integrating Eq. A13 over the 
whole ensemble of shortwave wavelengths and incident angles: 

𝐴𝐷𝑅𝐸B =	∫ ∫ !0(,,')
"#$'

𝑏)*+(𝜆)𝑑𝜆, 𝑑𝜃'                                                                                                        (A14) 

The shortwave radiation that can cross the atmospheric layer 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)).  

Equation A14 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 = 	𝐴𝐷𝑅𝐸-./ + 𝐴𝐷𝑅𝐸-.1 + 𝐴𝐷𝑅𝐸/21                                                                                         (A15) 

Using Eq. A8 the same is valid for the HR: 

𝐻𝑅 =	𝐻𝑅-./ + 𝐻𝑅-.1 + 𝐻𝑅/21                                                                                                            (A16) 

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

𝐻𝑅 = 3
45+

⋅ ∑ ∫ ∫ !0(,,')
J

𝑏)*+(𝜆)𝑑𝜆, 𝑑𝜃'
K
BL3                                                                                              (A17) 

where n represents direct or diffuse or reflected radiation. 
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