Author’s response

Dear Editor,
Prof. Urs Baltensperger,

Thank you and thank to the staff of ACP for the deadline extension given to our final revision paper.
We are glad to notice that both referees appreciated the experimental efforts and the potential high
relevance of the results presented in our paper.

Furthermore, both referees focused their attention on several issues, asking for elucidation of a
number of technical points, which we are glad to focus on in the following responses to the referees.
All the raised criticisms and relative answers have been addressed in the revised manuscript.
Accordingly to the referees’ concerns, a list (not exhaustive) of the most important changes made to
the manuscript is the following:

the paper was substantially changed and improved to make it more readable and easier to
follow. We rearranged the sections to improve readability,

the method section was improved both simplifying the heating rate measurements
methodology (moving the demonstration of the radiative transfer concepts to the supplemental
material) and clarifying the cloud classification algorithm; the non-core part of “average
photon energy” was also moved to the supplemental material,

a thorough validation of cloud classification was carried out and described at length in
Appendix B,

we fully re-organized the Results and discussion section following the referees’ suggestions
in order to improve the full manuscript and to clarify the logic behind the results presentation,
Figures were improved accordingly to referees’ comments and to make the data presentation
more effective,

a comprehensive list of acronyms was added in Appendix A

Finally, the whole text was proofread and edited to emendate the typos and to improve the language.
We are pleased that this discussion based on the constructive criticisms of both referees has helped
us to improve the scientific quality of the work done. A tracked version of the manuscript changes is
present at the bottom of the answers.

With our best regards,

Yours sincerely,

Dr. Luca Ferrero



Response to Reviewer#1

We thank the reviewer for his or her helpful comments and insight. They allowed us to improve the
scientific quality and presentation of the work done. We respond to the general and to the specific
points below. All the comments are addressed in the revised manuscript. A tracked version of the
manuscript changes is present at the bottom of the answers.

GENERAL COMMENTS

General Comment 1 (C1P1): The manuscript by Ferrero et al. acp-2020-264 titled ""The impact
of cloudiness and cloud type on the atmospheric heating rate of black and brown carbon"
presents heating rate measurements of the atmosphere over the Po Valley, Italy.

The measurements are valuable as they are relatively rare in the community. The work is
incremental on Ferrero et al. 2018, with the main incremental improvement being the

automated separation of clouds into cloud types using radiometer measurements combined
with Lidar-Ceilometer measurements. The introduction of lidar information into the
automated cloud classification is novel and may be valuable to other work, yet was not
thoroughly validated. I recommend that the authors describe this cloud classification algorithm
in detail in a separate paper and include more detailed validation work. If the authors do not
follow this recommendation, they must provide a clear argument for why in the review
responses and in the manuscript.

Answer to General Comment 1 (C1P1): We thank the reviewer for the comment on the experimental

results, their relevance and implications reported in this work. Indeed, as underlined in the review,
the present work represents an important incremental step of Ferrero et al. (2018).

We carefully considered the suggestion to split the paper in two. However, the cloud classification is
only one of the incremental improvements. The main goal of our study is to experimentally unravel
the relative and synergic role of cloudiness and of different cloud types on the heating rate (HR) of
light absorbing aerosol (LAA) in general and that of BC and BrC in particular. As we state at the end
of the introduction (revised version of the manuscript) we aim to:

1. describe the interaction between cloudiness and light-absorbing aerosol, to aerosol HR as a
function of cloudiness, and in turn to estimate the systematic bias introduced by incorrectly
assuming clear-sky conditions in radiative transfer models;

2. introduce an original cloud type classification to investigate the impact of both cloudiness and
cloud types on the total HR;

3. separate the contributions of BC and BrC carbonaceous fractions to HR and investigate their
relative impact on the total HR as a function of sky conditions.

The results we present in this study add an important piece of information to the influence of the two
most important LAA species (i.e. BC and Br(C) in different sky conditions. Therefore, the manuscript
was planned from the beginning as a whole, with the main focus on the environmental influence of
LAA on the climate.

Immediately after our submission (20 Mar 2020), Ylivinkka et al. submitted to Atmospheric
Measurement Technique (03 Apr 2020) a paper titled “Clouds over Hyytiéld, Finland: an algorithm
to classify clouds based on solar radiation and cloud base height measurements”(



https://doi.org/10.5194/amt-13-5595-2020) which was accepted and published (22 Oct 2020). The
paper discusses a cloud classification technique very similar to ours. This is a clear coincidence of an
interesting scientific development.

Taking into account the reasons above, due to the fact that the concerns were mostly related to one
section (2.3.2, cloud classification section), and due to Reviewer#2, asking for a technical
simplification of the paper, we have decided (previously asking the opinion of the handling editor) to
not split the paper into two, but rather to improve the present manuscript. We have rewritten large
part of the manuscript main body, and moved material to the Appendix and the now modified
Supplemental material. We have additionally taken into account the publication of Ylivinkka et al.
(2020) and included this and other references related to the lidar-ceilometer capabilities at detecting
cloud base and cloud classification. To answer this reviewer comment, a validation of the
classification scheme was carried out in in two steps.

The first validation step was carried out comparing the automatized cloud classification (based on
Duchon and O’Malley, 1999, and additionally lidar cloud base height) with a visual cloud
classification based on sky images collected during 1 month of the field campaign. The second
validation step involved the recent published method discussed by Ylivinkka et al. (2020). Their
method is based on the same logical approach followed in our work: the application of Duchon and
O’Malley (1999) classification improved by the knowledge of the cloud base height. The aim of the
second step was to determine the degree of consistency between the two approaches which were
developed simultaneously and independently in two completely different European regions.

The complete validation is reported in Appendix B (“Cloud type validation”). This was performed
not to interrupt the flow of the manuscript, as requested in the Specific Comment 25 (C6P1-C7P1).
The overall balanced accuracy was 80% for the visual validation and 90% for the intercomparison
with Ylivinkka et al. (2020) (please see answer to your specific question 23, C6P1, for further details).
This shows the reliability of the classification algorithm, allowing us to study the impact of clouds
on LAA HR with a sufficient degree of certainty.

General comment 2 (C2P1). The actual presentation of the results in this manuscript is

incredibly poor. Here I present 200 lines of comments which I had to make simply in order to
understand the results. The discussion is long, dense, and disorganized. Most of these comments
are on presentation and organization, at the level which is normally given to an author’s first
draft of a first manuscript. After I finally understood what was done and what the results were,
I see a valuable data set. However, the scientific interpretation is on a similar level to the
writing.

I fear that my scientific feedback has been drowned by the poor writing, manuscript
organization, and figure presentation in this work. To emphasize my main scientific comments
I have used boldface text in the following. The authors should streamline their manuscript by
referring to Ferrero et al. 2018 whenever possible, by separating their cloud analysis from their
light-absorbing aerosol analysis, and by clearly demonstrating whether or not there is any value
to the different levels of information available here. Those levels are: 1) heating rate resolved
in time, 2) heating rate resolved by time and cloud height, 3) heating rate resolved by time,
cloud height, and cloud type.

My recommendation to the authors is to completely rewrite this manuscript and reinterpret the
results. Since this work is incremental to earlier, well-presented work (Ferrero et al., 2018), and



since the results are well supported if poorly presented and interpreted, I do not recommend
rejection but major revisions to the Editor.

(NB: I have not numbered my feedback below. When the authors respond, please refer to my
comments as ""C1P2" for page C1, paragraph 2, etc. Please also copy and paste the comment
before responding.)

Answer to General Comment 2 (C2P1): We have considerably rewritten the manuscript as suggested
in the comment.

We started with the suggestion “to separate the cloud analysis from the light-absorbing aerosol
analysis”. As reported in the answer to General Comment 1, we cannot split the manuscript in two
manuscripts, as a similar cloud classification scheme was just published. The strength and the

innovation of the present paper is the synergy between the automatic classification of cloudiness and
quantifying the effect of the light-absorbing aerosols on the climate. Thus, we fully re-organized the
Results and discussion section following the suggestion in order to improve the full manuscript, to
clarify the logic behind the methodology, and to more specifically discuss the different aspects
(levels) of the results. Now, following the suggestion on the three different levels of information, the
Results and discussion section features the following arrangement of the subsections:

- Section 3.1 introduces the environmental context of the measurement campaign and the
magnitude of the observed parameters (eBC, irradiance, HR and cloud data). We have
incorporated here the suggestion “to separate the cloud analysis from the light-absorbing
aerosol analysis”. All cloud analysis is presented here. The validation of the cloud
classification was moved to the Appendix B.

- Old sections 3.2 and 3.3 were re-written in line with the changes performed in section 3.1 and
merged in a new section 3.2 with three sub-sections. The first discusses the influence of clouds
in term of cloudiness, the second the influence of cloudiness on the diurnal pattern of the HR
while the third the cloud type effect on the total HR only (sections 3.2.1, 3.2.2 and 3.2.3,
respectively).

- 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. The discussion
concerning the role of average photon energy was moved to the supplemental material.

This gradual approach streamlines the manuscript, making it easier to read. We improved the Results
and Discussions outline at the beginning of section 3 describing this approach. Moreover, all the
manuscript was revised simplifying all the sections and making them more concise and easier to
follow. We did not use the acronyms for the concepts which did not appear too often and also added
an Appendix explaining all the remaining acronyms and symbols present in the paper.

To address the suggestions about the data analysis and the most relevant results, we moved the Figure
S5 (time resolved heating rate) to the main body of the manuscript (now Figure 5 in the manuscript;
here below as Figure Al) adding a proper description. We first improved the new Figure 5 adding
both the cloudiness (expressed in oktas) and the cloud base height. The same was also done for Figure
S6 (now Figure S4).

Then we focused on the reviewer’s suggestions concerning the relationship between 1) the heating
rate and cloud height and 2) the heating rate, cloud height and cloud type. This helped us to enrich
the explanation of the interaction between the clouds and light-absorbing aerosols. We prepared
Figures A2a-c, A3 and A4a-d which are discussed here below.
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Figure A1 (Figure 5 in the revised version of the paper). High time resolution data (5-min) for eBC,
global irradiance (Fglo), cloud base height (CBH), coldness (oktas), and the related heating rate (HR)
from 1 November 2015 to 1 April 2016.
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Figure A2. Relationship between a) cloud base height (CBH) and cloudiness (oktas), b) HR/eBC and
CBH and ¢) HR/eBC and cloudiness (oktas).

Figure A2a shows a clear relationship between the cloud base height (averaged for each okta) and
cloudiness. This is not surprising, considering the contribution of each cloud type to the cloudiness
reported in the manuscript (section 3.3, page 12, lines 440-445): “the contribution (expressed in oktas)
of the cloud type is reported in Figure 7b. This clearly shows that, while Stratus clouds were mostly



responsible of overcast situations (oktas=7-8, frequency: 87 and 96%), Stratocumulus clouds
dominated the intermediate cloudiness conditions (oktas=5-6, frequency: 47 and 66%); moderate
cloudiness (oktas=3-4) were mostly due to a transition from Cirrocumulus and Cirrostratus to
Stratocumulus while low cloudiness (oktas=1-2) were mostly dominated by Cirrus and Cumulus
(frequency: 59 and 40%, respectively).”

In section 2.3.2 and Figure 4 we reported that low level clouds (<2 km) include Stratus (St), Cumulus
(Cu) and Stratocumulus (Sc), mid-altitude clouds (2-7 km) include Altostratus (As), and Altocumulus
(Ac) and high-altitude clouds (>7 km) include Cirrus (Ci), Cirrocumulus and Cirrostratus (Cc-Cs).
Combining these cloud altitudes with the overcast situation statistics above, it appears that the higher
cloudiness (higher oktas) was due to a higher frequency in low-mid altitude clouds. We described
this point better in the manuscript text (section 3.1): we included the whole Figure A2 to the
Supplemental material and modified Figure 7b by adding the average cloud base height for each okta
(below as Figure A3). Moreover, as cloud base height was related with cloudiness, a good linear
relationship can be derived between the HR/eBC and cloud base height (Figure A2b; R?>=0.857), but
this relationship is weaker than that between HR/eBC and cloudiness (Figure A2c; R?=0.935). The
cloudiness, describing the fraction of sky covered by clouds, is a better predictor of the capability to
suppress the incoming radiation and thus lower the HR of BC and BrC, because the relationship
between cloudiness and cloud base height — shown on Figure A2a, is weaker at higher cloud base
heights. Addressing also the specific question 33(C8P1), we can add that the relationship shown in
Figure A2a between cloud base height and cloudiness should be also investigated in other monitoring
sites around the world to see whether the cloud base height can be used as a promising prognostic
variable for the HR of light absorbing aerosols (see also answer to specific comment 33).
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Figure A3 (Figure 7b, revised). Contribution (%) of each cloud type to the oktas measured over the
U9 site, and averaged (£95% confidence interval) cloud base height (CBH) for each okta. CS=clear
sky,; Ac=AltoCumulus; Cc-Cst=CirroCumulus-CirroStratus; As=AltoStratus; Sc=StratoCumulus;
St=Stratus; Ci=Cirrus; Cu=Cumulus.

Figure A4 (heating rate, cloud height and cloud type) shows the absence of any relationship between
HR/eBC (and each of its components) under different cloud types and the cloud base height (averaged



in this case for each cloud type). This is reasonable, since, as reported in the manuscript (section
2.3.3, Figures 3 and 4), the cloud base height is a prognostic variable needed for the cloud
classification and does not account for the amount of clouds present in the sky. We stress again that
in Figure A4 the cloud base height is averaged for each cloud type thus reflecting mostly a property
of the different cloud types above the measuring site.
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Figure A4. Impact of each cloud type on: HR/eBC (a), HR4i/eBC (b), HR4if/eBC (c), HRr/eBC. The
cloud base height (CBH) is reported in each panel. CBH is not present in clear sky conditions (CS).

General comment 3 (C3P1). The Introduction provides a strong motivation for the importance
of HR and cloudiness, but the final 2 paragraphs are poorly structured. Please emphasize more
the importance of cloudiness, including common levels to be expected (i.e. expand the discussion
around Crock et al.) and feedbacks (i.e. expand the discussion around Perlwitz and Miller 2010,

which is central to this work’s motivation)

Answer to General Comment 3 (C3P1): We thank the reviewer for these comments. The work of
Perlwitz and Miller (2010) was introduced in the original manuscript at lines 118-120 as they reported
a counterintuitive feedback linking the atmospheric heating induced by tropospheric absorbing
aerosol to a cloud cover increase. Particularly, they observed this change for low level clouds as a
response to relative humidity due to opposite changes in specific humidity and temperature.
Furthermore, Perlwitz and Miller (2010) concluded that higher levels of absorption by aerosols were
responsible for two counter-acting processes: a larger diabatic heating warming of the atmospheric
column (decreasing relative humidity), and a corresponding increase in the specific humidity,
counteracting the drop on the relative humidity and resulting in more low cloud cover with increasing

aerosol absorption.



This was an important result, given the fact that the traditional semi-direct effect relates the
atmospheric heating induced by absorbing aerosol to a decreasing relative humidity and less cloud
cover. This can further increase the amount of the incoming solar radiation that reaches Earth’s
surface and is absorbed, leading to positive feedback characterized by additional warming and a
decrease in the cloud amount (e.g. Koren et al., 2004). Thus, the aim of introducing the work of
Perlwitz and Miller (2010) was to point the readers’ attention to the fact, that measuring the
atmospheric heating rate in cloudy conditions is needed as constrain and/or input for more
comprehensive climate model, to shed light on the sign and magnitude on the related feedbacks on
cloud dynamics.

For the reason above we extended the introduction section by adding these considerations. At the
same time, results were discussed with the above cited study in mind, recapping this also in the
conclusions.

General comment 4 (C3P1). In many places in this manuscript the authors say that "FA is the
radiation'" when they seem to mean "spectral irradiance' (W/m2/nm). The word "radiation"
is not accurate. On line 351 they suddenly use "irradiance". Be consistent. Avoid confusing

your readers.

It appears that all reported quantities are strongly corelated for direct and reflected irradiance.
If this is correct then please sum these two quantities in all figures. The presentation is too
confusing.

The preceding work (Ferrero et al. 2018) included diurnal trends in irradiance, which would
be valuable here. Why were they not included?

Answer to General Comment 4 (C3P1): We thank the reviewer for addressing the terminology
question. In many parts of the manuscript the term “radiation” was used as a general synonymous of
different more specific terms under the assumption that it was easier to identify the specific object of
the sentence (e.g. spectral irradiance) from its context. We understand from the comment that this
can lead to some confusion, therefore we changed the generic word “radiation” with the appropriate
term everywhere in the manuscript. We left the term “radiation” when a generic reference to it was
needed (e.g. introduction).

The observation that “all reported quantities are strongly correlated for direct and reflected
irradiance” is right. However, a sum of the two quantities is wrong from a methodological point of
view. Also, we need to first show that they are correlated. In fact, the relationship that appears in the
present work is due to the simple coincidence that measurements were collected upon Milan were the
surface albedo is quite stable in time. For any other application (e.g. in the Arctic and Antarctic or
other regions featuring extreme changes between snow cover and bare ground, over a steppes or other
grassed regions, measurements from ships, drones) the reflected spectral irradiance can change with
sky conditions, leading to a nonlinear relationship with the direct spectral irradiance. For these
reasons we decided to maintain them separated, and, in agreement with the specific comment 31
(C8P1), we rigorously reported direct, diffuse and reflected spectral irradiance contribution to the HR
in every Figure of the manuscript.

Finally, the diurnal variation in irradiance was not reported in this work, since they were presented
earlier (Ferrero et al. 2018). However, we agree with the suggestion that they would be valuable in
the present manuscript, especially when reporting the diurnal pattern of the HR averaged for clear
sky conditions and cloudy conditions — old Figure 11 (now Figure 10 in the revised version of the



manuscript). We added to Figure 11 (now Figure 10a-d) the global irradiance and eBC, together with
wind speed. The new Figure 10a-d is reported here below as Figure AS.
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Figure AS (Figure 10 in the revised version of the manuscript). Diurnal pattern of eBC (a), wind
speed (b), global irradiance (Fg) (c) and HR (d). Data are averaged for clear sky conditions (CS,
oktas=0) and cloudy conditions (CLD, oktas=7-8).

SPECIFIC COMMENTS

Specific Comment 1 (C3P1): I would require that the authors add a glossary table (defining
abbreviations) before publication due to the large number of symbols in the figures. Moreover,
please improve the legends (e.g. 6b)

I will suggest that the authors change Fig 8, 9 axis labels from "Ci" to "cirrus" etc for all cloud

types.

Answer to Specific Comment 1 (C3P1): We fully agree with you that a glossary table is needed and
we added it in the manuscript as a new section “Appendix A”.

Figure 6b (now Figure 9b in the revised version of the paper) required a legend improving in order to
better separate the clear sky case with respect to cloudy ones. The same is also valid for Figure 11
(now Figure 10 in the revised version of the paper). At this purpose we used the term “CLD” in each
legend for cloudy conditions (oktas=7-8) and “CS” for clear sky. After considering the comment




about the cloud acronyms, we decided to maintain the acronyms and improve them using the
nomenclature in the international abbreviations for cloud genera and species of the World
Meteorological Organization (WMO, https://cloudatlas.wmo.int/en/home.html) for brevity, clarity
and comparability with Figures 10 and 15 (now Figures 13 and 16 in the revised version of the paper).
We are now using the nomenclature in the international abbreviations for cloud genera and species
of the World Meteorological Organization. They were included in in the new section “Appendix A”.

Specific Comment 2 (C4P1): Figure 10’s axis label should include HR.

Answer to Specific Comment 2 (C4P1): We thank the reviewer for the suggestion. We changed
Figure 10 y-axis (now Figure 13 in the revised version of the paper) accordingly and we did the same
also with Figure 15 (now Figure 16 in the revised version of the paper). The x-axis was also improved
in both Figures with a more rigorous label “Cloudiness (oktas)”.

Specific Comment 3 (C4P1): 79 Higher than clear sky conditions in certain localized regions
only, or?

Answer to Specific Comment 3 (C4P1): Line 79 summarizes results from the works of Mims and
Frederick (1994) and Feister et al. (2015). Mims and Frederick (1994) determined that scattering from
the sides of cumulus clouds can enhance the total (global) UV-B solar irradiance by 20% or more
over the maximum solar noon value when cumulus clouds were just near the Sun (the cloud not
blocking the solar disk). In a similar way, Feister et al. (2015) concluded that the scattering of solar
radiation by clouds can enhance UV irradiance at the surface; for example, Cumulonimbus clouds
with top heights close to the tropical tropopause layer have the potential to significantly enhance
diffuse UV-B radiance over its clear sky value. We reported these findings as UV represents an
important region for BrC absorption and future studies should investigate specific cases of UV
enhancement (which is actually beyond the aims of the present work) with respect to the impact of
BrC on the climate. We extended and improved this part of the Introduction.

Specific Comment 4 (C4P1): 110 ’Conversely’ is not appropriate here

Answer to Specific Comment 4 (C4P1): We agree and the sentence was rewritten as follows: “To our
knowledge, there has been no experimental investigation of cloudiness and cloud type impact on the
HR of aerosol layers below clouds, where most of the aerosol pollution typically resides”.

Specific Comment S5 (C4P1): 110 Please start a new paragraph at "This study'. End this
paragraph instead with "This study aims to fill this gap" or similar.

Answer to Specific Comment 5 (C4P1): We thank the reviewer for the suggestion. We changed the
text accordingly. Please note that we added about 15 lines as answer to your general comment 3
before this sentence, and that the end of the Introduction was reordered for clarity.

Specific Comment 6 (C4P1): Fig S2. Please add an "uncorrected' panel to give readers an idea
of the magnitude of the correction (which is related to uncertainties).




Answer to Specific Comment 6 (C4P1): This figure (Figure A6) is attached below. Care needs to be
taken when interpreting the meaning of this plot as it is not related to the Aethalometer measurement

uncertainty.

First, we need to recall that in the Aethalometer AE31, the aerosol sample is continuously deposited
on the filter tape. Seven light sources with different wavelengths (1) illuminate the tape. Attenuation
(ATN) of light is measured under the sample for each of the 7 wavelengths relative to an illuminated
sample-free part of the tape acting as a reference. ATN is calculated as:

ATN = 100 = In (I, /1) (A1)
where Iy and [/ are the intensity of light transmitted through the reference and aerosol blank spot of
the filter respectively. The attenuation coefficient of the aerosol particles collected on the filter tape,

barney , 1s then defined as follows (Weingartner, et al., 2003):
ADATN(Y)

Q At

where A is the filter spot area, Q the flow rate and AATN is the change in attenuation during the time

bATN(/l) = (A2)

interval At.

It is noteworthy that b47v differs from the aerosol absorption coefficient of airborne particles because
it is determined from the attenuation of light passing through a particle-laden filter. The filter is
responsible for measurement artifacts. These artifacts can be corrected with different procedures to
account for the so-called loading effect and multiple scattering inside the filter matrix (Weingartner,
etal. 2003, Arnott, et al., 2005, Schmid, et al. 2006, Collaud Coen, et al. 2010; Drinovec et al., 2015).
We used a known correction scheme (Weingartner et al., 2003). Parameters C and R(ATN, /), are
introduced to convert Aethalometer attenuation measurements to absorption coefficients (bans)):

__ barnw

where C and R(ATN,4) are the filter multiple scattering enhancement parameter and the wavelength-
dependent loading effect correction parameter, respectively. The parameter R(ATN,/) corrects for the
loading effect due to the reduction in the optical path due to an increase of the sample collected on
the filter over time (Weingartner, et al., 2003). R(4TN,4) was dynamically determined following the
Sandradewi et al. (2008b) algorithm. This approach was recognised to be one of the best approaches
as correction does not affect data in terms of the absorption Angstrém exponent (AAE) (Collaud
Coen et al., 2010), the parameter describing the dependence of the absorption coefficient on the
wavelength. This scheme was previously applied to data collected at the investigated site (Ferrero et
al., 2018), because the experimental assessment of HR must avoid any artificial perturbation of the
AAE.

The parameter C corrects for the enhanced optical path through the filter caused by multiple scattering
of light by the filter fibers and by the particles embedded in it. The multiple scattering coefficient C
is determined by comparing the attenuation coefficient, that needs to be previously corrected for the
loading effect (b47a/R; see equation A3), with the absorption coefficient measured simultaneously at
the same wavelength with a reference instruments (bass re) (in our case, MAAP) as follows:

C = barn/R (A4)

babs_ref
Thus, applying a non-corrected attenuation coefficient (raw data, not corrected for the loading effect;
e.g. Figure A6) represents an erroneous application of the Aethalometer data, as it features a
systematic error — the loading effect. Correcting for the loading effect increases the value of the
parameter C. For the reason above we did not included Figure A6 (here below) to the Supplemental
material.
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Figure A6. Linear correlation between the Aethalometer AE31 attenuation coefficient at 660 nm, not
corrected for the loading effect (batn,660nm raw data), and the MAAP absorption coefficient at 637
nm.

However, the reviewer question posed the important issue of uncertainty. We describe it here below
and we added the description to the method section 2.1 (Instruments), where the uncertainties of all
the other instruments were already reported.

As mentioned above, absorption coefficient measurements are based on measurements of light
transmission through the sample-laden filter, which needs to be compensated for different artifacts,
like the multiple scattering effect and loading effect (Liousse et al., 1993; Petzold et al., 1997; Bond
et al., 1999). In this respect, Collaud-Coen et al. (2010) tested different correction schemes on data
from different sites and showed linear regression between the Aethalometer data corrected with the
Weingartner et al. (2003) procedure and reference MAAP data, with slopes close to one and relative
standard deviations on average of 23%. This is an estimation of the global uncertainty of Weingartner
et al. (2003) procedure applied in the present work. Moreover, Drinovec et al. (2015) showed a good
agreement between Aethalometer AE31 data (corrected using Weingartner et al., 2003) and that of
the new Aethalometer AE33 with a slope close to one and R>>0.90. We referred to the Collaud-Coen
et al. (2010) uncertainty estimation in our work.

Specific Comment 7 (C4P1): Line 168 What is the physical meaning of the C value being close
to the GAW value? (e.g.: The particle size and single scattering albedo were typical of
atmospheric monitoring sites. Collaud Coen et al., 2010).

Answer to Specific Comment 7 (C4P1): We thank the reviewer for this question as it enabled us to
improve the manuscript. The physical meaning of the similarity between the obtained C value (3.24)
and the GAW ones implies that Milan (in the middle of the Po Valley) features aerosol with
continental characteristics (e.g. Carbone et al., 2010) not far from the global ones. However, the
question that emerges is the physical reliability of the C value given the findings reported in Collaud
Coen et al. (2010). Collaud Coen et al. (2010) defined the reference value of C (Crer) for the AE31
tape in the pristine atmosphere of Jungfraujoch and Hohenpeissenberg, where aerosol has a single
scattering albedo of ~1; Crer was equal to 2.81+0.11.




At the same time, Collaud Coen et al. (2010) took into account the cross-sensitivity to scattering of
the filter measurements and its influence on the parameter C, starting from Ci.r as follows:

C = Crep +a—2

(A5)

1-wg
where a is the parameter for the Arnott (2005) scattering correction (0.0713 at 660 nm) and wo the
single scattering albedo which, in wintertime in Milan, within the mixing layer, was found to be
0.846+0.011 at 675 nm by Ferrero et al. (2014). With respect to C interpretation, we need to underline
first that the nominal AE31 660 nm channel is provided by a Kingbright light-emitting diode (APT
1608SRC PRV 1.6 x 0.8 mm SMD Chip LED Lamp; King bright, 2018) which is characterized by a
20 nm spectral full bandwidth at half maximum under 20mA of supplied current (information from
manufacturer). This is in agreement with the absorption photometer intercomparison, reported by
Muller et al. (2011), in which the nominal AEs red channel was found to have a 23 nm spectral full
bandwidth at half maximum. Thus, for practical purposes, the single scattering albedo (0.846+0.011
at 675 nm) reported in Milan at a wavelength slightly different from the one featured in the AE31 by
Ferrero et al. (2014) was applied to eq. AS.

Considering the variability for both Crer (£0.11) and wo (+£0.011) the obtained C for Milan was
3.20+0.15. This lies within the experimental range obtained from the comparison of the AE31 with
the MAAP: 3.24+0.03. Calculating in the opposite direction, the retrieval of ®o using the
experimental C and Crer, led to a value of 0.858+0.043 which is very close to the value reported by
Ferrero et al. (2014), underling the reliability of the obtained results.

We added the aforementioned considerations in section 2.1 where the experimental C is presented
while details on the AE31 led were added to the Supplemental material. Moreover section 2.1 was
divided in two subsections (2.1.1 Light absorbing aerosol measurements and 2.2.2 Radiative and
meteorological measurements) due to the requirements of the Specific Comment 8 below.

Specific Comment 8 (C4P1): 171 Was the MRI built by U Milano-Bicocca? Please add
manufacturer, even if it is homebuilt.

Answer to Specific Comment 8 (C4P1): We thank the reviewer for the suggestion which improves
the instrument description. The MRI was developed at the University of Milano-Bicocca by PhD
Sergio Cogliati using commercial-grade optoelectronics devices. The instrument uses an optical
switch (MPM-2000-2x8-VIS, Ocean Optics Inc., USA) to sequentially select between different input
fibers fixed to the upwards- and the downwards-looking entrance fore-optics. The configuration used
in the present work connects each spectrometer to 3 input ports: 1) The CC-3 cosine-corrected
irradiance probes to collect the down-welling irradiance; 2) the bare fiber optics with a 25° Field-of-
View to measure the up-welling radiance from the terrestrial surface; 3) the blind port that is used to
record the instrument dark-current. A 5 m long optical fiber with a bundle core with a 1 mm diameter
1s used to connect the entrance fore-optics to the multiplexer input, while the connection between the
multiplexer output ports and the spectrometers is obtained with a 0.3 meters long optical fibers. The
set-up allows to sequentially measure the dark-current and both up- and down-welling spectra

simultaneously with the two spectrometers — High Resolution HR4000 holographic grating
spectrometers (Ocean Optics Inc., USA). Finally, the MRI is equipped with a 3648-element linear
CCD-array detector (Toshiba TCD1304AP, Japan) with a 14-bit A/D resolution.



We added this description to section 2.1, which was also divided in two subsections (2.1.1 Light
absorbing aerosol measurements and 2.1.2 Radiative and meteorological measurements) due to the
deepening also required by your previous Specific Comment 7.

Specific Comment 9 (C4P1): 200 What is the uncertainty or accuracy of the Nimbus 15k? In
other words, please mention the limitations as well as the strengths of this system.

Answer to Specific Comment 9 (C4P1): The Lufft Nimbus CHM-15K is a high-performance lidar-
ceilometer system operating at 1064 nm and capable of providing vertical profiles of aerosols and
clouds in the bottom 15 km of the atmosphere with a temporal resolution of 30 seconds and a vertical
resolution of 15 m.

In order to improve the signal to noise ratio of the backscatter signal, the signal is processed with
temporal averages of 2 minutes. The full overlap is obtained at altitude of some hundred meters from
the observation site and overlap correction functions are applied in the first layers. More technical
information are provided by: Wiegner, M. and Geil}, A.: Aerosol profiling with the Jenoptik
ceilometer CHM 15kx, Atmos. Meas. Tech., 5, 1953-1964, doi:10.5194/amt-5-1953-2012, 2012, and
Madonna, F., Amato, F., Vande Hey, J., and Pappalardo, G.: Ceilometer aerosol profiling versus
Raman lidar in the frame of the INTERACT campaign of ACTRIS, Atmos. Meas. Tech., 8,
22072223, 2015.

We added the Madonna et al. (2015) reference to the manuscript, while the Wiegner and Geif3 (2012)
reference was already included.

We added the following sentence to section 2.1.2 Radiative and meteorological measurements:
“Given the vertical resolution of the instrument, expected accuracy on the cloud base height derived
by the lidar-ceilometer is <£30 m”.

Specific Comment 10 (C4P1): 238 "This is due to the negligible ..." This sentence is not accurate.
The authors may instead consider the simple harmonic oscillator (Moosmuller et al. 2011,
doi:10.5194/acp-11-1217-2011 ) or energy gap (Sun 2007 doi:10.1029/2007GL029797) models

here.

Answer to Specific Comment 10 (C4P1): We thank the reviewer for this comment. The sentence
aimed simply at recalling the intrinsic property of BrC: it features an absorption spectrum that
smoothly increases from the VIS to UV wavelengths, as recently described by Laskin et al. (2015;
DOI: 10.1021/cr5006167 Chem. Rev. 2015, 115, 4335—4382) who pointed out that “light absorption
by BrC at 440 nm is~40% of the light absorption by BC at this wavelength, while BrC contributes
only 10% to the light absorption at 675 nm”. Similarly, Moosmueller et al. (2011) shows in their Fig.
7 that there are ~1.5 orders of magnitude between the mass absorption efficiencies for relevantly sized
particles. However, we understood from your question that this sentence was poorly connected with
the previous one: “Conversely, BrC absorption is spectrally more variable, with an AAE from 3 to
10 (Ferrero et al., 2018; Shamjad et al., 2015; Massabo et al., 2015; Bikkina et al., 2013; Yang et al.,
2009; Kirchstetter et al., 2004).” leading to misinterpretations.

We fully agree with you that the lower absorption coefficient of BrC in the IR region (compared to
UV) is a consequence of the large wavelength difference (IR) with respect to the resonance in the
UV, as can be described by the simple harmonic oscillator reported in Moosmuller et al. (2011). The
band-gap model with the Urbach tail (Sun et al., 2007; and referenced in Moosmuller et al., 2011),




where the key factor is the difference between the highest occupied and lowest unoccupied energy
state of the molecules in the BrC ensemble, gives similar results.
We reworded the sentence as required adding this explanation.

Specific Comment 11 (C4P1): 243 change ’successfully’ to ’previously’

Answer to Specific Comment 11 (C4P1): Done.

Specific Comment 12 (C4P1): 251 First use of LAA on this line was not defined. Please
introduce the concept in the introduction. It is a nice and useful abbreviation.

Answer to Specific Comment 12 (C4P1): We thank the reviewer for addressing this. We modified
the introduction accordingly.

Specific Comment 13 (C4P1): 350 Give limits of the integral in the equation.

Answer to Specific Comment 13 (C4P1): There is no equation at line 350. We interpreted your
question as relating to Eq. 7 (now moved to the Supplemental material). We added the limits to the
integral.

Specific Comment 14 (C5P1): 135 This information is redundant with lines 110-112, please
shorten 110-112.

Answer to Specific Comment 14 (C5P1): We thank the reviewer for addressing this. We shortened
lines 110-112 as required.

Specific Comment 15 (C5P1): 171-177 Please cite Cogliati immediately after introducing the
MRI.

Answer to Specific Comment 15 (C5P1): We agree. Changed.

Specific Comment 16 (C5P1): 263 Change "N represents one of the possible 9 classes' to "N =
1,23, ..., 9, representing 9 classes of cloud fractions".

Answer to Specific Comment 16 (C5P1): We thank the reviewer for the question from which we
understand that the sentence was poorly written. In the original version, we stated “where N represents

one of the possible 9 classes of cloud fraction”. The term “cloud fraction” was improperly used as
the correct sentence would be “where N represents one of the possible 9 classes of sky conditions
expressed in oktas (from 0, clear sky, to 8, complete overcast)”. We rephrased the sentence as above.

Specific Comment 17 (C5P1): 3.1 Heating rate measurements — Equation 1,2, and 3 There is no
need for all 3 equations here. Delete Eq 1. Start with Eq 2 to introduce and define ADRE first,
then the reader will understand Equation 3 (new Eq 2) naturally. Remove p and replace it with
cos 0. There is no need to introduce p because it is only used twice in the manuscript, and

anyway cos 0 is more easily understood.



Also, use the integral sign to specify "integral over the whole 2x'" (line 209) instead of writing
it only in words. Same for 0.

Answer to Specific Comment 17 (C5P1): Thanks for the suggestion. We modified the text according
to the suggestion above. To simplify the radiative transfer concepts used in the HR assessment, 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 moving the demonstration to the supplemental material. The HR
assessment is presented as follows:

“The heating rate is determined from the air density (p, kg m™), the isobaric specific heat of dry air
(Cp, 1005 J kg! K'!) and the radiative power absorbed by aerosol per unit volume of air (W m™)
describing the interaction between the radiation (either direct from the sun, diffuse by atmosphere
and clouds, and reflected from the ground) and the LAA (BC and BrC in Milan). The HR is

determined as follows (Ferrero et al., 2018):

HR = i * Xdirdif ref :z_on/z ;;3300000 —thr,zl;);, T(é;f)(a'e) baps(A)dAdO (A5)
where the subscripts dir, dif and ref refer to the direct, diffuse and reflected components of the spectral
irradiance F' of wavelength A impinging on the LAA with a zenith angle 8 (from any azimuth).
Under the isotropic and Lambertian assumptions (as used in Ferrero et al., 2018) equation 2 can be
solved becoming:

HR = HRgyr + HRyjp + HRyof =

= oo (oo o Fair (0 bans(A) A2+ 2 f, Faip (2) baps(A) dA+ 2 f, Froy (2) bans(2) 2] (A6)
where 6. refers to the solar zenith angle, while Fqi (L), Faif(A) and Frer(A) are the spectral direct, diffuse
and reflected irradiances. Egs. 2 and 3 are related to the concept of actinic flux (Tian et al., 2020; Gao
et al., 2008; Liu, 2007); an extended description, as well as its demonstration is detailed in the

Supplement.”

Specific Comment 18 (C5P1): Equations 4 and S use subscripts dir, dif, ref to specify direct,
diffuse and reflected radiation. Equations 1, 2, 3 use '"'nth type of F'" to do the same. Choose one
and stick to it. The text subscript is better, and the authors obviously agree as they used it later
in the manuscript.

Answer to Specific Comment 18 (C5P1):We agree indeed. We changed the manuscript accordingly
by using the subscripts dir, dif, ref to specify direct, diffuse and reflected radiation to avoid
unnecessary new symbols and make the work more readable (see answer to specific comment 17).
This also goes in the direction asked by reviewer#2 which requires the use of less technical jargon.

Specific Comment 19 (C5P3.1): The term Fglo = Fdir + Fdif + Fref must be introduced already
in the first equation of Section 2.2. Prepare the reader for Equation 6. I have to assume that
this is the definition, the authors never gave it.

Answer to Specific Comment 19 (C5P3.1): We thank the reviewer for addressing this point. There is
a misunderstanding that we have to clarify. This improved the methodology section. We need to start
from the radiometric definition of the global downwelling irradiance which is as follows:

Fglo = Fair + Fuair (A6)




We added this definition in Appendix A. Equations 1-4 (now 2-3 in the revised version of the
manuscript) could have caused the misinterpretation, as the calculation of the ADRE and the HR
requires the sum of the total amount of radiative energy interacting with light-absorbing aerosol, also
including the reflected irradiance in addition to the direct and diffuse components from the sun and
sky. In fact, an alternative writing of the ADRE is:

ADRE = fAAF(,DbabS(A)dA (A7)
where AF(,) represents the actinic flux, that is the total spectral flux of photons per unit area and
wavelength interval available to molecules/aerosol at a particular point in the atmosphere. The
radiative flux from all directions onto a volume of air is called the actinic flux (Seinfeld and Pandis,
2006). We added this information in section 2.1.2.

The actinic flux consists of three components: direct solar radiation, diffuse radiation originating from
scattering in the atmosphere, and diffuse radiation originating from reflection from the Earth’s
surface.

Thus, it is only for the AF that the following sum is valid:

AFot = AFgir + AFdir + AFrer (A8)
The actinic flux at a particular point in the atmosphere is calculated by integrating the spectral
radiance over all directions of space. The actinic flux must be distinguished from 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. Under the isotropic and
Lambertian assumptions, the diffuse and reflected irradiances are related with the corresponding
radiances by a factor mt; the direct irradiance is related to the radiance as a function of the solar zenith
angle.

From a physical point, given a generic monochromatic radiance R(A,0,¢), the corresponding AF())
and irradiance F()) (Seinfeld and Pandis, 2006; Liu, 2007) are given by:

AF(A) = (;fjoz” [,=T"* R(2,6,) sin(6) dod¢ (A9)
FQL) = fj” [, R(2, 6, ¢)cos(6) sin(6) dodep (A10)

For the direct component, the radiance comes only from the sun direction (the solar zenith angle,
SZA), it can be assumed to be a collimated beam, essentially parallel, and originates from a very
small solid angle and thus:

AF4ir(A) = Rair(A) = Fair(A)/cos(SZA) (A11)
For the diffuse and reflected component (under the isotropic and Lambertian assumptions,
respectively) the radiance comes homogeneously from each direction and thus:

AFifref(A) = 21Ruifref(A) (A12)
Faifref(A) = mRitrer(N) (A13)
implying:

AFitref(A) = 2Fdifref(A) (A14)
Now, as in section 2.2 we gave the following definition:

ADRE = ADREg; + ADREy;s + ADRE, ¢ (A15)

we can finally rewrite it (given eq. A7 and A8) as follows:
ADRE = s f, Fair(1) baps () dA + 2 f, Fuip (1) baps (1) d2 + 2 [ Frog (1) baps (1) dA (A16)
With the heating rate being:

HR = — . ADRE (A17)
pCp



We included this description in the supplemental material and changed the use of the word “radiation”
in the manuscript text as already described in the answer to the general comment 4.

Specific Comment 20 (CSP1): The only real difference between HR and ADRE in Figure 5 is
the air density p. So, the authors should plot p in the figure and emphasize this in the caption
to avoid confusing readers who are not familiar with HR or ADRE (in other words, most
readers).

Since the main contribution of this manuscript is to discuss heating rates, why discuss ADRE
at all? Leave that to the SI. Or, of the authors disagree, then discuss only ADRE. HR appears
more valuable as p is a meteorological variable.

Answer to Specific Comment 20 (C5P1): Thanks for this comment. The paper focuses on the HR
which is the valuable parameter. ADRE was introduced in section 2.2 (Heating rate measurements)
for methodological purposes). In keeping with the suggestion, we removed both ADRE terminology
and values from sections 2.2 (Heating rate measurements) and 3 (results and discussions) and its plot
from Figure S5 (now Figure 5 in the revised version of the manuscript); this avoids confusing readers
and keeps them focused on the main target of the work (i.e. HR, cloudiness and cloud type).

Specific Comment 21 (C6P1): This section is a mess. Do not mix discussion and results in S
2.3.2. Review the literature first, then present your results. Present '"failed analysis" in the SI,

not in the main text. Use only 1 or 2 sentences in the main text for failed analysis.

Answer to Specific Comment 21 (C6P1): Indeed section 2.3.2 was differently structured in the first
draft of the manuscript, underling first the literature methods and presenting the methodology. A
shortening of the paper before submission probably resulted in the confusing section. We apologize
for that. We completely restructured it following this comment.

Specific Comment 22 (C6P1): This reviewer spent several minutes studying Figure 2 and

writing the following comments before learning that it is a "this did not work" figure. The
writing should make this clear immediately. Restructure S2.3.2 to fix this.

Answer to Specific Comment 22 (C6P1): Thank for addressing it as we were able to fix a couple of
inaccuracies. We improved the legend and we also fixed panels (g-h) by indicating with coloured
dashed lines the time periods to which the dots reported in the SD-R plot of panel h refers to. The
new Figure 2 is reported here below as Figure A7 and was extensively described in the revised version
of the manuscript in section 2.3.2.
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Figure A7 (new Figure 2 in the manuscript). Cloud classification based on broadband solar radiation
following Duchon & O'Malley (1999). Each row represents a different clout type in a specific day as
a case study. The left columns represent the time series of global and diffuse measured solar irradiance
(Fgio and Fay) and modelled clear sky irradiance (Fgi cs), while the right column the scatter plot of
the observed standard deviation of irradiance (SD) vs. the fraction of modelled clear sky irradiance
(R). In the panel (h) different colors are related to different time (hours) of the day as reported in the

legend.



Specific Comment 23 (C6P1): The section here concludes that the 2 literature methods
discussed (Duchon 1999 and Harrison et al 2008) were not adequate, based on the conclusions
of Harrison’s work. So the authors introduce a new method, but with no validation of it. How

can the reader trust this? I believe the author’s work is valuable but the discussion needs to
include validation.

Answer to Specific Comment 23 (C6P1): Thank you for remarking on the need for a validation. As
reported in the answer to the general comment 1 (C1P1) a thorough validation was carried out and
described at length in Appendix B (“Cloud type validation) resumed here below.

A resume of Appendix B: Cloud type validation

The validation was conducted in two subsequent steps.

The first validation step was carried out by comparing the automatized cloud classification (based on
Duchon and O’Malley, 1999, and additionally lidar cloud base height) with a visual cloud
classification based on sky images collected during 1 month of field campaign. We describe this in
Appendix B1.

The second validation step involved the recently published method (Ylivinkka et al., 2020), based on
the same approach followed in our work: the application of Duchon and O’Malley (1999)
classification improved by the knowledge of the cloud base height. Thus, the aim of the second step
was to determine the degree of consistency between the two approaches that were developed
simultaneously and independently in two completely different European regions. We describe this in
Appendix B2.

Both validations were evaluated by means of a confusion matrix, a special kind of contingency table,
with two dimensions and identical sets of "classes" in both of them. From the confusion matrix, the

balanced accuracy was computed as follows:
Sensitivity+Specificity

. (B1)
where the Sensitivity describes the true positive rate (the number of correct positive predictions
divided by the total number of positives), and the Specificity describes the true negative rate (the

Balanced Accuracy =

number of correct negative predictions divided by the total number of negatives). The balanced
accuracy is especially useful when the investigated classes are imbalanced, i.e. one of the classes
appears far more often than the other, a condition useful for cloud classification (Garcia et al., 2009).

Appendix Bl: visual cloud classification

Sky images were collected during 1 month of the campaign (13 February — 9 March 2017) using a
sky view camera (GoPro Hero4 Session installed on the U9 roof) characterized by a field of view of
95x123°. The camera was oriented south with the same declination of the shadow band applied to
DPA154 global radiometer for diffuse broadband irradiance measurements (section 2.1.2) manually
each day. Sky images were taken with 1 minute time resolution. Visual classification of sky images,
based on the principles of cloud classification published in Cloud Atlas (WMO,
https://cloudatlas.wmo.int/en/home.html).

To test the performance, 869 sky images were analyzed, and the cloud type was determined through
visual inspection. From the visual classification and our automatized classification, the following




confusion matrix (Table B1) was created. The highest balanced accuracy was found for stratus (St)
data (95%) while the lowest (50%) for mixed cloud types Cirrocumulus and Cirrostratus (Cc-Cs)
whose absolute number of cases, however, was ~0.6% of the total, probably biasing the obtained
accuracy; the same happened for Cumulus (Cu) and Altocumulus (Ac). Overall, five classes over
eight were above 68% of balanced accuracy while the overall balanced accuracy was 80%, underlying
the reliability of the classification algorithm allowing to study the impact of clouds on light-absorbing
aerosols HR with a sufficient grade of certainty.

Cloud tvpe Visual classification (reference) Balanced

yp Cu St Sc Ac As Ci Cc-Cs CS accuracy

Cu 6 2 7 1 2 9 59%

.§ St 1 259 25 10 95%

8 e |sc 7 9 61 1 15 81%
=

% g Ac 1 4 62%

% (_8" As 3 23 81%

3° |[c 45 4 10 70%

8 Cc-Cs 3 0 50%

Cs 16 1 56 1 287 89%

Table B1. Confusion matrix and balanced accuracy for each cloud type classified visually and
following the algorithm reported in Table 1 within the present work. Stratus (St), Cumulus (Cu),
Stratocumulus (Sc), Altostratus (As), Altocumulus (Ac), Cirrus (Ci), Cirrocumulus and Cirrostratus
(Cc-Cs).

Appendix B2: intercomparison with Ylivinkka et al. (2020)

The second validation step involved the recently published method (Ylivinkka et al. 2020), which is
based on the same approach followed in our work: the application of Duchon and O’Malley (1999)
classification improved by the knowledge of the cloud base height. The classification scheme of
Ylivinkka et al. (2020) is summed up in Table B2, following the nomenclature used in our present
work. It is necessary to underline that the cloud classes determined in the work Ylivinkka et al. (2020)
differ from those reported in our present work. Particularly, while both approaches enabled the Cu,
St, Sc classification, some of the cloud classes were merged in the Ylivinkka et al. (2020) study: CS
and Ci (CS+Ci), Ac and As (Act+As) and mixed situation composed by Ci, Cc, Cs (Ci+Cc+Cs). In
addition, they introduced the classes Cu+GRE and Ci+GRE to account for global radiation
enhancement (GRE) due to this cloud types. We interpret these differences to be due to different
conditions at the different latitudes at which the two algorithms were developed, especially due to the
solar zenith angle and hence the sunlight interaction with clouds. A detailed investigation of this
difference is beyond the aim of the present work. However, it is necessary to account for the
classification differences in order to properly merge cloud classes with similar features to perform a
comparison between the two methods. The cloud classes homogenization is summarized in Table B3,
while the final intercomparison is reported in Table B4. The confusion matrix (Table B4) revealed a
global balanced accuracy of 90%, showing that the two methods are comparable. The highest
accuracy (100%) was obtained for CS followed by Ac+As (99%); Cu, St and Sc reached values of
94, 93 and 86%, respectively. The lowest performance was reached for Ns whose presence cannot be
detected in the present study generating a false positive signal in the Ac+As class; however, due to
the very low number of Ns cases (1.8%), its impact on the cloud classification can be neglected.



Overall, also the second validation step pointed out the reliability of the results obtained in the present
work.

N of cloud
Cloud type CBH (m) R SD (W/m2)
layers
0.6-0.85 &
<2000 >=200 1
Rmax > 1
@ 0.85 &
> 0.
<2000 0-200 1
Rmax>1
St <2000 <0.6 <100 1
Sc <2000 0.1-0.6 >=100 1
Ns 2000 - 3000 <0.3 <100 1
Ac+As 2000 - 5000 >=0.3 <500 1
>= .85-1. -
CitCotCs 4000 0.85-1.1 50 - 400 1
>= 4000 0.5-0.85 < 400 1
CS+Ci NaN 0.85-1.05 <50 1
>1 & Rmax >
Cu+GRE <2000 1 >=200 1
Ci+GRE >=4000 >1 <400 1

Table B2. Final criteria adopted for cloud classification in Ylivinkka et al. (2020). Ns here represents
Nimbostratus while GRE global enhancement radiation. Stratus (St), Cumulus (Cu), Stratocumulus
(Sc), Altostratus (As), Altocumulus (Ac), Cirrus (Ci), Cirrocumulus (Cc) and Cirrostratus (Cs),
Nimbostratus (Ns) and global radiation enhancement (GRE).

Ci

This stud c st S / Ac, A cs

IS stuay u C C, AS Cc-Cs
Ylivinkka et al., Cu, Ci+Cc+Cs .
2020 CU+GRE St Sc Ns Ac+As Ci+GRE CS+Ci
Mergfy‘:)g")”d Cu st Sc Ns ActAs  Ci+Cc+Cs  CS+Ci

Table B3. Cloud classes homogenization adopted for comparison purposes between the present study
cloud classification and the one reported in Ylivinkka et al. (2020).

Cloud type classification Yiivinkka et al. (2020) Balanced
Cu St Sc Ns ActAs Ci+Cc+Cs CS+Ci accuracy

Cu 80 94%

o St 3853 58 1 93%

B Sc 11 596 231 86%

o N 0 50%

E Ac+As 153 383 51 99%

Ci+Cc+Cs 846 97%

CS+Ci 2142 100%

Table B4. Confusion matrix and balanced accuracy for each cloud type classified using the algorithm
reported in the present study and the one reported in Ylivinkka et al. (2020).

Specific Comment 24 (C6P1): Line 308 how many cases (%) were analyzed after this
limitation?? The authors should not discard cases of multiple cloud layers. Simply include a
category '"Multiple layers' or '"Complex cloud layers' or similar.

Answer to Specific Comment 24 (C6P1): Thanks. We analysed 8405 one single layer cases, 61% of
the total. The single layer choice is related to the aim of the paper: “to experimentally measure for
the first time the impact of different cloudiness and cloud types on the HR exerted by light-absorbing
aerosol” as stated in the introduction section. In this respect it was also clarified in section 2.3.2
“Finally, to avoid misclassification cases due to the presence of multiple cloud layers, we limited the




analysis to those cases where only one cloud layer was detected by ceilometer. This choice was also
done given the main goal of this work: to quantify the effects of different cloudiness and cloud types
on light-absorbing aerosol HR. ”

We added the number of cases and their percentage to section 2.3.2.

Specific Comment 25 (C6P1-C7P1): If I am to believe this section then the authors have
contributed a numerical algorithm to the topic of automated cloud type analysis. Only 2 papers
have been published on this topic, and most cloud type identification remains manual. This is
the 3rd paper to contribute to this topic in 30 years, yet the authors did not include a solid
analysis of the algorithm. Either the authors have used an unvalidated algorithm in their work,
or the authors should write an entire manuscript describing their validation of what seems to

be a valuable contribution. Separating the cloud algorithm work from the radiative heating
work would mean removing Figures 2, 3, 4, 7, 14, and some SI figures from this to another
manuscript. This would avoid breaking up the "BC+BrC" story.

I note that the Harrison et al. 2008 work was missing from the reference list.

Answer to Specific Comment 25 (C6P1-C7P1): The cloud classification literature reports a huge
quantity of papers and reviews aimed at classifying clouds (to avoid the limits of a simple manual
human inspection) by means of different techniques and their integration. Some examples are
reported in Singh and Glennen (2005), Ricciardelli et al. (2008), Calb6 and Sabburg (2008), Tapakis
and Charalambides (2013). Whith respect to the Po Valley, the Duchon and O’Malley (1999) was
previously successfully applied by Galli et al. (2004). Moreover, the introduction of ceilometer data
for cloud classification and cloud study purposes does not represent an absolute novelty in literature
as demonstrated by Huertas-Tato et al. (2017) and Costa-Suros et al. (2013).

The novelty of the actual study is the combination of the Duchon and O’Malley (1999) with
ceilometer cloud base height data. However, as reported in the answer to your General Comment 1,
we have to underline that just after our submission of the present paper (20 Mar 2020), Ylivinkka et
al. submitted to Atmospheric Measurement Technique (03 Apr 2020) a paper titled “Clouds over

Hyytiéld, Finland: an algorithm to classify clouds based on solar radiation and cloud base height
measurements”(https://doi.org/10.5194/amt-13-5595-2020) which was recently published. The paper
discusses a cloud classification technique very similar to ours. This is a clear coincidence of an
interesting scientific development. We therefore maintained the present paper as whole and improved
it following reviewer suggestions by appropriately balancing the main body of the manuscript,
Appendix, and the Supplemental material. For the validation we refer to the answer to the Specific
Comment 23.

Finally, many thanks for finding that the Harrison et al. (2008) reference was missing. We added it

the reference list together with the other aforementioned ones.

Specific Comment 26 (C7P1): Make Fig S3 axis labels consistent with the language in S 2.3.2.
Put R on the x axis.

Answer to Specific Comment 26 (C7P1): We thank the reviewer for addressing it. It was done but
the Figure was also removed in the revised final version to improve clarity and due to the extensive
validation reported in Appendix B.




Specific Comment 27 (C7P1): The use of a 20 minute interval in calculating SD for the Duchon
and O’Malley method means that wind speeds are included in the measurement of cloudiness
fluctuations. This must be discussed. How do wind speeds compare with this 20 minute interval?

Answer to Specific Comment 27 (C7P1): The 20-minute interval reported in the Duchon and
O’Malley (1999) considers the variability induced by cloud movement and evolution (e.g. cloud
microphysical processes) on the global irradiance. The standard deviation changes in the global
irradiance can therefore be due to the wind influence on the cloud dynamics. However, the wind
influencing these processes is the wind at the cloud altitude, not the one at ground where we carried
out measurements. It would be great to have a Doppler lidar able to measure wind speeds at these
altitudes. Nevertheless, we investigated the ground wind behavior for the cloud type classified in the

present work together with the SD parameter. Results are reported in Figure A7 below. As expected,
there is no strong correlation between the two parameters, as the wind speed was measured at ground
level and reflects the stagnant conditions typical of the Po Valley. The average wind speed during
each cloud type and clear sky conditions was below 1 m s”'. Despite this, it is clearly visible that low-
level clouds (e.g. stratus) are present in the lowest wind speed conditions. Particularly, the average
ground wind speed in stratus conditions was 0.64+0.02 m s’!, lower than the 0.92+0.04-1.04+0.03 m
s”! found in cirrus-clear sky conditions.

We added Figure A7 in the Supplemental material (now Figure S6) and a resume of this discussion
in the main body of the manuscript (extensively in the Supplemental material).
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Figure A7. Wind speed (at ground) and SD for each cloud type.

Specific Comment 28 (C7P1): Lines 281-314 break up this huge paragraph.

Answer to Specific Comment 28 (C7P1): The section was rewritten (see answer to Specific
Comments 21-25).

Specific Comment 29 (C7P1): Figure 2 comments: Fig 2’s legend is inaccurate, there is no
dashed line in the legend. In Fig 2g, colour the red line in the same way that the points in Fig
2h are coloured. Move the entire figure to the SI. Consider adding photographs to this figure.




Answer to Specific Comment 29 (C7P1): As reported in the answer to your Specific Comment 22,
Figure 2 was improved by changing the legend: the nomenclature and assigning the coloured and

dashed symbols to the proper lines. We also fixed panels (g) by indicating with coloured dashed lines
the time periods to which the dots reported in the SD-R plot of panel (h) refer to. In Appendix B, a
new Figure B1 shows the SD-R plot with the corresponding cloud pictures. Figure 2 instead has the
aim to introduce the reader to Duchon and O’Malley (1999) method as required by the Specific
comment 21.

Specific Comment 30 (C7P1): The results and discussion are too long, relative to the
information content of the manuscript. The information is valuable but does not require

extensive discussion.

As I mentioned above, the discussion is broken up by switching between the cloud analysis and
the BC+BrC analysis. Start from the top and go down. Focus on the cloud effects before
attributing HR to LAA afterwards and then to BC+BrC.

Answer to Specific Comment 30 (C7P1): We agree that the paper needs a shortening in the results
and discussion with more concise and precise sentences. We also took care of the organization of the
sections. We refer to the answer to the General Comment 2, which details all the changes reported in
the manuscript.

We thank the reviewer for these comments which enabled us to improve the paper.

Specific Comment 31 (C8P1): The authors introduce direct, diffuse, and reflected irradiance
yet do not present the data consistently. Some figures separate all 3. Some figures present direct,
diffuse, and total (Fig 14). Some figures (Fig 13) present sums of 2, in various combinations.
Some figures combine all 3 as ""global irradiance" others combine all 3 as "total irradiance".
Please, assess your data, choose one message, and present it clearly to your audience. Follow
Harrison et al. 2008 in presenting the diffuse fraction unless your data support an alternative.

Figure 9 is the only figure that suggests a difference between direct and reflected, but the impact
on heating rate is unclear because Figure 13 changed the presentation strategy.

Answer to Specific Comment 31 (C8P1): We carefully read this comment. The rationale was to
present the total HR behaviour and that of each of its components: HRair, HRair, HRret.
Thus, under this presentation strategy we have made the following changes:
- Figure 5a (now Figure 6a in the revised version of the manuscript) presents both the total HR
(due to the contribution of direct, diffuse, and reflected irradiance to the actinic flux, see

answer to your Specific Comment 19) and its components HRgir, HR4if, HRrer. Figure 5b (now
Figure 6b in the revised version of the manuscript) reports the irradiance measurements Fgjo,
Fair, Faif, Frer. Please note that the global irradiance is related to the reflected one just via the
surficial albedo effect. Please see also our reply to Specific Comment 19.

- Figure 6 (now Figure 9 in the revised version of the manuscript) was improved by adding to
old Figure 6a the HR./eBC and F.r. Conversely, we added the total HR to Figure 6b. The
figure is reported below as Figure AS.



- Figure 8a-d (now Figure 11a-d in the revised version of the manuscript) complies with the
rationale of presenting the total HR/eBC behaviour and the each of its components:
HRa4ir/eBC, HR4if/eBC, HRf/eBC. These are reported in panels a, b, ¢ and d, respectively.

- Figure 9 (now Figure 12 in the revised version of the manuscript) presented only HRair, HRuif,
HR.er. We also added the total HR. It is reported below as Figure A9.

- Figure 13a-d (now Figure 15a-d in the revised version of the manuscript) complies with the
rationale of presenting the total HR behaviour and the each of its components: HR4ir, HRuif,
HRer for both BC and BrC. They are reported in panels a, b, ¢ and d, respectively.

The diffuse fraction was introduced in Harrinson et al. (2008) mostly for cloud applications. In

the present work, the splitting of the total HR in the each of its components (HRair, HRaif, HRref)

reflects not only a radiative behavior, but a synergy with the light-absorbing aerosol features. The
contribution of the HRuir to the total is discussed in the results and discussion sections.
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Figure A8 (Figure 9 in the revised version of the manuscript). Monthly averaged values of: a) HR
values and their direct, diffuse and reflected components (HRuair, HRair and HRrer) during winter and
spring both in clear sky (CS; oktas=0) and cloudy (CLD; oktas=7-8) conditions; b) HR/eBC values
together with their direct, diffuse and reflected components (HR4ir/eBC, HR4i/eBC and HRe#/eBC),
the direct, diffuse and reflected irradiance (Fuir, Fair and Fuir) and the global one (Fgr).
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Figure A9 (Figure 12 in the revised version of the manuscript). Average values of total HR, HRuj,
HRuair and HR..r for different cloud types.

Specific Comment 32 (C8P1): The conclusions are similarly confused. Why are different cloud
types discussed in detail when Figure 10 and 15 clearly show that the key predictor is oktas and
not cloud type? Only high clouds (cirrus, cirrocumulus, and cirrostratus) do not follow this
trend, presumably because they are well above the aerosol layers.

Answer to Specific Comment 32 (C8P1): Figure 10 and 15 relate the HR variation (compared to CS
values) with respect to the oktas induced by a different cloud types. Figure A2¢ (in the answer to the
General Comment 2) reports a linear relationship between HR and the cloudiness (expressed in oktas)
without accounting for the cloud types responsible for such sky coverage. The linear relationship was
very good (R?>=0.935) but slightly lower than the similar relationship reported in Figure 10 (R?=0.963;
now Figure 13 in the revised version of the paper). This strengthens the synergy between the fraction

of sky covered by clouds and cloud type influencing the transmission of shortwave radiation. In
addition to this, the cloudiness (oktas) is a non-linear function of the cloud type, as cloud types are
related to the meteorological pattern: e.g. highly persistent stratiform clouds generate cloudy weather
in conditions with lower wind. Figure A7 (answer to the Specific Comment 27) reports an average
ground wind speed of 0.64+0.02 m s™! in stratus conditions, lower than the 0.92+0.04-1.04+0.03 m s~
Uin cirrus-clear sky conditions. As a result (Figure A10 added below and appearing as Figure 8 in the
main body of the manuscript) the cloudiness associated with different cloud types starts at cirrus
clouds (0.51£0.05 oktas) and increases to stratus clouds (7.20+£0.04 oktas). This is in agreement with
the recent work of Bartoszek et al. (2020) who associated higher cloudiness level with the presence
of stratiform clouds. Moreover, they observed an increase in sunshine duration with a decrease in the
incidence of low-level clouds, including mainly stratiform clouds underling the connection between
cloudiness-cloud type and shortwave radiation.

We added this discussion to section 3.1 in the manuscript.

Finally, Figures 10 and 15 do not show any significant deviation of cirrus, cirrocumulus, and
cirrostratus from the linear trend.
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Figure A10 (now Figure 8 in the revised version of the manuscript). Cloudiness associated to each
cloud type.

Specific Comment 33 (C8P1): I do not see any support for the final conclusion that the cloud
impact affected HR of BC more than of BrC. The absolute value of the BC HR was higher
initially, so it would naturally change more. My interpretation of the authors’ results is that
there is no need to attribute cloud types in future work, and that cloud height data combined
with diffuse fraction (Harrison et al. 2008) may be sufficient. If this work is to be extended to

other monitoring sites the authors must address this point explicitly. Simpler measurements
are more likely to be adopted by others.

Answer to Specific Comment 33 (C8P1): We thank the reviewer for this comment which give us the

opportunity to extend our previous answer, and to improve the conclusion of the present work. As
answered to your Specific Comment 32, a relationship between cloud-type and cloudiness is present,
moreover figure A2¢ showed that cloudiness alone is a good predictor of light-absorbing aerosol HR
behaviour, but the association is closer when using cloud type (Figure 10, now Figure 13). In fact, as
detailed in Tapakis and Charalambides (2013), in order to model the incoming irradiance, not only
the effect of the cloudiness (in oktas) has to be taken into account, but also the cloud type, as not all
clouds have the same effect on irradiance. There are different types of clouds with different
dimensions, opacity and properties affecting the incoming irradiance differently. We added these
considerations to section 3.2.2.

However, we agree that the cloudiness is a simpler parameter that can be likely adopted by others.
Thus, we deepened the analysis concerning Figure 15 (now Figure 16) and concluded section 3.3 as
follows:

“Overall, the derived linear regressions indicate a decrease of ~12% per oktas for both HRpc and
HRg:c (with high R%: 0.958 and 0.963, respectively). In details, the respective decreases of HRgc and
HRg:c were -11.8+£1.2% and -12.6+1.4% per okta, these values not being statistically different. We
show that, while BC and BrC have different optical properties and wavelength dependence of
absorption, their HR normalized to absorption, changed without any statistical difference as a
function of cloudiness and cloud type. This simplifies the models and reduces the number of details
needed to be considered: once HRpc and HRp.c are determined in clear sky conditions, their
dependence on the cloudiness can be determined from the simple reduction of the HR normalized to
the absorption coefficient (about 12% for both species, once dominant cloud type is known).



However, it noteworthy that normalized HRg:c values in Figure 16 were always greater or equal to
the corresponding ones of BC (even if 95% confidence interval bands overlapped). A possible
explanation can be the synergic effect between the different spectral absorption of BC and BrC and
the influence of clouds on the energy of the impinging radiation; this is detailed in the Supplement
(section: The role of average photon energy on the HR of BC and BrC). This feature needs further
investigation in other seasons and elsewhere the world where the prevailing clouds type and the light
absorption by BrC might be different.”
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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. A tracked version
of the manuscript changes is present at the bottom of the answers.

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 three sub-sections. The first discusses the
influence of clouds in term of cloudiness, the second the influence of cloudiness on the diurnal
pattern of the HR while the third the cloud type effect on the total HR only (sections 3.2.1,
3.2.2 and 3.2.3, 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. The
discussion concerning the role of average photon energy was moved to the supplemental
material.

To simplify the radiative transfer concepts used in the HR assessment, we have reduced the number
of equations in the text. Instead of Egs. 1-3 we now present only 2 equations in the main body of the
manuscript moving the demonstration to the supplemental material. The HR assessment is presented
as follows:

“The heating rate is determined from the air density (p, kg m™), the isobaric specific heat of dry air
(Cp, 1005 J kg! K'!) and the radiative power absorbed by aerosol per unit volume of air (W m™)
describing the interaction between the radiation (either direct from the sun, diffuse by atmosphere
and clouds, and reflected from the ground) and the LAA (BC and BrC in Milan). The HR is

determined as follows (Ferrero et al., 2018):

HR =0 Sairaiprer Jyg| Jrosos —aeseh ™ baps (A)dAd (A1)
where the subscripts dir, dif and ref refer to the direct, diffuse and reflected components of the spectral
irradiance F' of wavelength A impinging on the LAA with a zenith angle 8 (from any azimuth).
Under the isotropic and Lambertian assumptions (as used in Ferrero et al., 2018) equation 2 can be
solved becoming:

HR = HRgyr + HRyjp + HRyof =

= oo [oora Jy Fair () bass (2) A2+ 2§, Faig (2) baps(2) dA + 2 f, Freg (2) baps () 2] (A2)
where 6. refers to the solar zenith angle, while Fqi (L), Faif(A) and Frer(A) are the spectral direct, diffuse
and reflected irradiances. Eqs. 2 and 3 are related to the concept of actinic flux (Tian et al., 2020; Gao
et al., 2008; Liu, 2007); an extended description, as well as its demonstration is detailed in the

Supplement.”

We also introduced the indices dir, dif, ref to avoid the readers’ confusion about the original “n”
symbol which referred 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 the
alternative notation of equations 1 as follows:

1
HR =~ [, AF(Dbaps(aydA (A3)

where AF(A) represents the actinic flux, that is the total spectral flux of photons per unit area and
wavelength interval available to molecules/aerosol at a particular point in the atmosphere. The
radiative flux from all directions onto a volume of air is called the actinic flux (Seinfeld and Pandis,
2006).

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 (Az) 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 Al 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 /imitation is the following:

- as both the ADRE and the HR are independent of the thickness (Az) 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), the HR is 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 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 Al
reports averaged wintertime balloon profiles (PM concentrations and extinction coefficient) and lidar
range corrected signal for Milan (Ferrero et al., 2019).
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Figure Al. Milan averaged wintertime a) balloon profiles of PMi, PM2 s and PMio 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).
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Figure A2. Milan averaged wintertime lidar range corrected signal (SxR?) 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 Alb 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
the mixing layer, aerosol concentrations were uniform (as reported in Figure A1) along each time of
the day.
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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.
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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
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 m2) which can be quantified as the change in the net radiative flux between the atmospheric
conditions with aerosols (aer) and without the aerosols (Quer(z) and Qo(z), respectively) in the
atmosphere across the surface at altitude z:

DRE(z) = Qqger(2) — Qo (2) (A4)
Considering an atmospheric layer of thickness 4z, 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 (ADRE; W m™):

ADRE = DRE(z + Az) — DRE(Z) (A5)

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

oT ADRE
HR=>=-9=—"2

at Cp Ap (A6)

where 07/0t represents the instantaneous HR, g is the gravitational acceleration constant, C, (1005 J
kg! K1) is the isobaric specific heat of dry air, 4p 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 (4z), and can
be obtained introducing the hydrostatic equation (dp = -pgdz) into Eq. A6:

_ 9T _ 1 ADRE

HR =—=
ot pCp Az

(A7)
where prepresents the air density (kg m). The last term of Eq. A7 (ADRE/Az) represents the radiative
power absorbed by the aerosol for unit volume of the atmosphere (W m™) 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 = — . ADRE (A8)
pPCp

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 4z on which direct or diffuse or reflected
monochromatic radiation ray F,(4,0) of wavelength A strikes with a zenith angle 6. 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:

ADRE,(2,0) = F,(2,0)(1 — w(1))(1 — e *W/cosd) (A9)

where (1- w(4))(1-e™/c°%) represents the fraction of light absorbed within the layer and is function
of: w(l) — the single scattering albedo of the aerosol within the atmospheric layer, and 7(A) — the
aerosol optical depth. The w(7) and 7(4) terms can be computed from the aerosol extinction, scattering
and absorption coefficients (bex: (4), bsca(4) and baps(2)):

_ bsca(d)
@ (A) " bsca()+bgps(A) (A 1 O)
() = [ be (D) dz (AT1)

Now, if the atmospheric layer is thin enough so that 7(4) <<1, the term (1-e**»/¢°%) can be simplified
introducing the Taylor series and the radiative power ADRE,;,9) absorbed by the aerosol within that
atmospheric layer can be computed from eq. A6 as follows:

7(4,08)
cos@

ADRE,(A,0) = E,(1,0)(1 — w(d)) (A12)

In this form, ADRE, (A,0) is not useful because it is a columnar quantity which again depends on 7(L)
that is integrated along the vertical direction.

Considering again an atmospheric layer thin enough so that 7(A)<<I it is also possible to assume
Fu(2,0)=const and  (A) =~const through the whole Az; thus, recalling the ADRE definition
(ADRE=dDRE/dz), and combining Eq. A10 with Eq. A11 and Eq. A12, it is possible now to write:

dDREy(A,0)
dz

(1-w@) dra(d) _ Fa(A.0)
cos@ dz  cosf

ADRE, (1,0) = = F,(A,0)

baps (1) (A13)

Equation A 13 offers the opportunity to determine the ADRE, and thus the HR (eq. AS), just combining
the absorption coefficient of light absorbing aerosols buss(4) and radiation measurements F,(4,6).
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:

n(h,
ADRE, = [, [,™

0
E8 baps (M) dA O (Al4)

The shortwave radiation that can cross the atmospheric layer can be divided in three components,
namely: the solar direct radiation (Fui-(4,60)); the diffuse radiation from scattering on gases, aerosol
and clouds in the sky (Fuir(4,0)); and the radiation reflected backward from the ground (F.(4,0)).

Equation A14 can be solved for all the three components allowing to determine both the total ADRE
and its components (4ADREdir, ADRE iy and ADRE, ) as follows:

ADRE = ADREg; + ADREy;f + ADRE, ¢ (A15)
Using Eq. A8 the same is valid for the HR:
HR = HRg; + HRyif + HRyof (A16)



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

1 Fp(4,6)
HR = Taa g I

- baps(1)dA dO (A17)

where n represents direct or diffuse or reflected radiation.
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Abstract.

We experimentally quantified the impact of cloud fraction and cloud type on the heating rates (HRs) of black and

brown carbon (HRgsc and HRgrc). In particular, we examined in more detail the cloud effect on HRs detected in a

previous study (Ferrero et al., 2018). High time-resolution measurements of the aerosol absorption coefficient at

multiple-wavelengths were coupled with spectral measurements of the direct, diffuse and surface reflected

irradiance, and with lidar-ceilometer data during a field campaign in Milan, Po Valley (Italy). The experimental

set-up allowed a direct determination of the total HR (and its speciation: HRsc and HRgrc) in all sky condition

(from clear-sky to cloudy). The highest total HR values were found in the middle of winter (1.43+0.05 K day™)
and the lowest in spring (0.54+0.02 K day™!). Overall, the HRs:c accounted for 13.7+0.2% of the total HR, the BrC

being characterized by an absorption Angstrom exponent (AAE) of 3.49+0.01. To investigate the role of clouds,

sky conditions were classified in terms of cloudiness (fraction of sky covered by clouds: oktas) and cloud types:

stratus (St), cumulus (Cu), stratocumulus (Sc), altostratus (As), altocumulus (Ac), cirrus (Ci) and cirrocumulus-

cirrostratus (Cc-Cs). During the campaign, clear sky conditions were present 23% of the time, the remaining time

(77%) being characterized by cloudy conditions. Average cloudiness was 3.58+0.04 oktas (highest in February:

4.56+0.07 oktas, lowest in November: 2.91+0.06 oktas). St were mostly responsible of overcast situations

(oktas=7-8, frequency: 87 and 96%), Sc dominated the intermediate cloudiness conditions (oktas=5-6, frequency:

47 and 66%) and the transition from Cc-Cs to Sc determined moderate cloudiness (oktas=3-4); finally, low

cloudiness (oktas=1-2) were mostly dominated by Ci and Cu (frequency: 59 and 40%., respectively).

HR measurements showed a constant decrease with increasing cloudiness of the atmosphere enabling us to

quantify for the first time the bias (in %) in the aerosol HR introduced by the simplified assumption of clear-sky

conditions from radiative transfer model calculations. Our results showed that the HR of light absorbing aerosol
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was ~20-30% lower in low cloudiness (oktas=1-2) and over 80% lower in complete overcast conditions (i.e.,

oktas=7-8), compared to clear sky ones. This means that, in the simplified assumption of clear-sky conditions, the

HR of light absorbing aerosol can be largely overestimated (by 50% in low cloudiness, oktas=1-2 and up to 500%

in complete overcast conditions, i.e., oktas=7-8).

The impact of different cloud types on the HR was also investigated. Cirrus were found to have a modest impact,

decreasing the HRgsc and HRBrc by -5% at most. Cumulus decreased the HRsc and HRsrc by -31+12 and -26+7%,

respectively, while cirrocumulus-cirrostratus by -60+8 and -54+4%. which was comparable to the impact of

altocumulus (-60+6 and -46+4%). A higher impact on HRsc and HRgrc was found for stratocumulus (-63+6 and -

58+4%, respectively) and altostratus (-78+5 and -73+4%, respectively). The highest impact was associated to

stratus suppressing the HRec_and HRgrc by -85+5 and -83+3%. respectively. The presence of clouds caused a

decrease of both HRsc and HRgrc (normalized to the absorption coefficient of the respective species) by a factor

of -11.8+1.2% and -12.6+1.4% per okta. This study highlights the need to take into account the role of both

cloudiness and different cloud types when estimating the HR caused by both BC and BrC, and in turn decrease the

uncertainties associated with the quantification of their impact on the climate.
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1 Introduction

The impact of aerosols on_the climate is traditionally investigated feeusing-enestimating their direct, indirect and
semi-direct effects (Bond et al., 2013; IPCC, 2013; Ferrero et al., 2018, 2014; Bond et al., 2013; Ramanathan and
Feng, 2009; Koren et al. 2008; Koren et al., 2004; Kaufman et al., 2002). Direct effects are related to the sunlight
interaction with aerosols trough absorption and scattering:; indirect effects are related to the ability of aerosol to
act as cloud condensation nuclei affecting the clouds’ formation and properties;- while semi-direct effects are those
related to a feedback on cloud evolution affecting other atmospheric parameters (e.g. the thermal structure of the
atmosphere) (IPCC, 2013; Ramanathan and Feng, 2009; Koren et al. 2008; HPCC;2643:—Koren et al., 2004;
Kaufman et al., 2002).

Both the-direct and indirect radiative effects en-the-chimate-caused-byof anthropogenic and natural aerosols on
climate are still represent-the major sources of uneertainty-uncertainties (IPCC, 2013).; Recent studies show, for

example, that fer-example—the aerosol direct radiative effect{DRE), on a global scale, may switch from positive
to negative forcing on short (e.g. daily) time-scales (Lolli et al., 2018; Tosca et al., 2017; Campbell et al., 2016).

This is due to the fact that aerosol is a heterogeneous complex mixture of particles characterized by different size,
chemistry, and shape (e.g., Costabile et al., 2013), greatly varying in time and space both in the horizontal and
vertical dimension (e.g., Ferrero et al., 2012). On-theAt global scale,- most of the values reported for the aerosol

direct radiative effectbRE used-to-quantify-the-aerosolimpaect-on-the-elmate were derived from models (Bond
etal., 2013; Koch and Del Genio, 2010). This has the advantage of providing continuous direct radiative effectbRE

fields in space and time. However, inaccuracies related to simplified model assumptions on chemistry, shape, and
the mixing state of the-particles can affect the results (Nordmann et al., 2014; Koch et al., 2009), amplifying the
uncertainties on the estimated global and regional aerosol climate effects (Andreae and Ramanathan, 2013).
Another important issue is that the aerosol direct radiative effectbRE is-has been usually determined in clear-sky

conditions_both in model simulations and from measurements/appreximations. Although the—clear sky

approximation is useful when comparing measurements to radiative transfer modelling outcomes during
experimental campaigns performed in fair weather conditions (e.g., Ferrero et al., 2014; Ramana et al., 2007), in
general this simplification cannot capture the complexity of the phenomenon in the majority of weather conditions
(Myhre et al., 2013). In fact, clouds are one of the most important factors modulating the solar radiation that
reachesreaching the ground. By scattering and absorbing the radiation passing-threugh-them;-clouds strengly-can
affect the radiation magnitude and alse-modify the-its spectrum eftheshort-waveradiation;-especially in the UV
region-(Lopez et al., 2009; Thiel et al., 2008; Calbd et al., 2005;:épez—et-al5—2009). Usually, during cloudy

conditions the global irradiance is reduced. even though, sometimes, the presence of clouds results to short-term
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enhancement of global irradiance (Duchon and O’Malley, 1999). In fact, inla some specific cases—e-g-
eirrus/eumutus-elouds), scattering of radiation from the sides of the cloud may enhance global irradiance in the
UV to the levels higher than those in clear sky conditions (Mims and Frederick, 1994; Feister et al., 2015). In this

respect, Mims and Frederick (1994) determined the that scattering from the sides of cumulus clouds can enhance

the total (global) UV-B solar irradiance by 20% or more over the maximum solar noon value when cumulus clouds

were just near the Sun (not when a cloud blocked the solar disk). In a similar way, Feister et al. (2015) concluded

that the scattering of solar radiation by clouds can enhance UV irradiance at the surface; for example,

Cumulonimbus clouds with top heights close to the tropical tropopause layer have the potential to significantly

enhance diffuse UV-B radiance over its clear sky value. UV radiation also interacts with aerosols, and particularly

with those exhibiting absorption properties in this spectral regions. UV represents an important region for BrC

absorption with respect to other light absorbing aerosol (LAA) components (e.g. BC), thus the presence of clouds

could influence in a different way its climatic impact.

Up to now, the role of cloudiness and ef-cloud type on the aerosol direct radiative effectbRE was poorly

investigated. Matus et al. (2015) recently used a complex combination of the CLOUDSAT’s satellite multi-sensor
radiative fluxes and heating rates (HR) products to infer both the direct radiative effectbRE at the top-of-

atmosphere (FOA)-and HR profiles of aerosols that lie above the clouds. The study showed how results were
affected by the cloudiness (e.g. cloud fraction) and, for example for the south eastern Atlantic, reported a direct
radiative effectPRE ranging from -3.1 to -0.6 W m2 going from clear sky to cloudy conditions.

A further investigation by Myhre et al. (2013) reported results of modelling simulations during the AeroCom
Project (Phase II): In all sky conditions (thus including the effect of clouds) they estimated an all-sky direct
radiative effectbRE for total anthropogenic aerosols of -0.27 W m™ (range: —0.58 to —0.02 W m), this being
about half of the clear sky one. The most important factors responsible for the observed difference were the amount
of aerosol absorption, the location of aerosol layers in relation to clouds (above or below), and the cloud
distribution. In fact, the presence of abserbing-aeresols{LAA (mainlyi-e- Black Carbon, BC:-, Brown Carbon,
BrC:-, er-and mineral dust) might have important effects on the radiative balance. It is estimated that, due to its
absorption of sunlight, BC is the second most important positive anthropogenic climate-forcing agent after CO2
(Bond et al., 2013; Ramanathan and Carmichael, 2008), while BrC contributes ~10-30% to the total absorption on
a global scale (Ferrero et al., 2018; Shamjad et al., 2015; Chung et al., 2012; Kumar et al., 2018). As a main
difference compared to CO2, absorbing aerosols are short-lived climate forcers, thus representing a potential global
warming mitigation target. However, the real potential benefit of any mitigation strategy should also be based on
observational measurements, possibly carried out in all sky conditions.

It also noteworthy that the HR induced by absorbing aerosol can trigger different atmospheric feedbacks. BC and
mineral dust can alter the atmospheric thermal structure, thus affecting atmospheric stability, cloud distribution
and even synoptic winds such as the monsoons (IPCC, 2013; Bond et al., 2013; Ramanathan and Feng, 2009; Koch
et al., 2009; Ramanathan and Carmichael, 2008; Koren et al. 2008; Koren et al., 2004; Kaufman et al., 2002). Even
in this case, the feedbacks should be quantified on the basis of HR measurements earried-eut-in any sky conditions.
In agreement with the aforementioned points, both Andreae and Ramanathan (2013) and Chung et al. (2012) called
for model-independent, observation-based determination of the absorptive direct radiative foreing-effect (ADRE)

of aerosols. Since, similarly to aerosols, cloudiness and cloud type change on short time scales, long-term, highly
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time-resolved measurements covering different conditions, are necessary to unravel the role of abserbing
aereselLAA on the HR.

As mentioned, sSome satellite-based studies investigated the role of cloudiness and cloud type on the HR of aerosol

layers above clouds (Matus et al., 2015). To our knowledge, there has been no experimental investigation on the
impact aerosol layers laying below the clouds, where-cenversely most of the aerosol pollution typically resides. In

addition to this, the cloud-aerosol forcing feedbacks can strongly depend on the HR magnitude in cloudy

conditions. As a matter of fact, the atmospheric heating induced by absorbing aerosol is traditionally related to a

decrease of atmospheric relative humidity and less cloud covering (semi-direct effect). This effect can further

increase the amount of the incoming solar radiation that reaches Earth’s surface (and the close-to-surface LAA

layer), leading to positive feedback characterized by additional warming and a further decrease in the cloud amount

(e.g. Koren et al., 2004). However a work carried out by Perlwitz and Miller (2010) reported a counterintuitive

feedback linking the atmospheric heating induced by tropospheric absorbing aerosol to a cloud cover increase

(especially low level clouds) due to a delicate balance between two opposite changes in specific humidity and

temperature. That study concluded that high levels of absorption by aerosols were responsible for two counter-

acting processes: a large diabatic heating warming of the atmospheric column, (thus decreasing relative humidity)

and a corresponding increase in the specific humidity able to exceed the temperature effect on relative humidity

with the net result of increasing low cloud cover with increasing aerosol absorption. This is an important result

that underlines the importance of measuring the atmospheric HR in cloudy conditions as constrain and/or input

for more comprehensive climatic model to shad a light on the sign and magnitude on the related feedbacks on

cloud dynamics.

Due-to-the-aforementionedreasens-In this context, this study attempts to -experimentally snravel-measure for the
first time the impact of different cloudiness and cloud types on the HR exerted by aeresel-ayers specific LAA

specied to fill the gap in this field of knowledge. The study was performed in Milan (Italy), located in the middle

of the Po Valley (section 2), which is a pollution hot spot in Europe with meteorological characteristics similar to

those of a multitude of basin valleys surrounded by hills or mountains (low wind speeds and stable atmospheric

conditions promoting accumulation of aerosol and BC) (Zotter et al., 2017; Moroni et al., 2013; Moroni et al.,

2012; Ferrero et al., 2011a ; Carbone et al., 2010; Rodriguez et al., 2007). At the same time, cloud presence cannot

be neglected over the investigated area considering that in the last 50 years annual mean cloudiness, expressed in

oktas, is estimated to be ~5.5 over Europe (Stjern et al., 2009) and ~4 over Italy (Maugeri et al., 2001). This is in
agreement with 80 years of data of cloud cover in the United States (Crock et al., 1999). —Te-thispurpese-To
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determine the HR we use a methodology, previously developed in Ferrero et al. (2018), and further extended the
analysishere to explore the effects of different cloudiness and cloud types on BE-and-BrE-on-HR of BC and BrC.-
More in-detailspecifically, with respect to the preliminary results by Ferrero et al. (2018), this work introduces the

following novelties: 1) it describes the interaction between cloudiness and light-absorbing aerosol, presenting the

aerosol HR as a function of cloudiness, and in turn estimates the systematic bias introduced by incorrectly

assuming clear-sky conditions in radiative transfer models; 2) it introduces an original cloud type classification
and investigates the impact of both cloudiness and cloud types on the total HRthe-; 3introduction-ofa-cloud-type
Hication: he-determination-of the-average photon-cnergy-impinging the-absorbing acrosol:-3) it separates

BC and BrC loads and investigates their relative impact on the total HR in function of sky conditions.

presented in this study thus-could add an important piece of information in the general context of cloud---absorbing

aerosol-HR interactions.

2 Methods

Aerosol clouds and spectral radiatien-irradiance measurements were carried in an experimental measurement
station located_in Milan (Italy) on the rooftop (10 m above the ground level) of the U9-building of the University
of Milano-Bicocca (45°30°38”N, 9°12°42”E, Italy; Figure 1). The site is located in the midst of the Po Valley, in
the-midst-ef-one of the most industrialized and heavily populated area in Europe. In the Po Valley, stable
atmospheric conditions often occur causing a marked seasonal variation of aerosol concentrations within the
mixing layer, well visible even from satellites (Ferrero et al., 2019; Di Nicolantonio et al., 2009; Barnaba and
Gobbi 2004). A full description of the aerosol behavior in Milan at the University of Milano-Bicocca and the
related aerosol properties (vertical profiles, chemistry, hygroscopicity, sources, and toxicity) are reported in
previous studies (Diemoz et al., 2019; D’ Angelo et al., 2016; Curci et al., 2015; Ferrero et al., 2015, 2010; Perrone
et al., 2013; Sangiorgi et al., 2011). Within-In the framework of the present work is important to underline that the
U9 experimental site is particularly well suited for atmospheric radiation transfer-measurements, in fact it is
characterized by a full hemispherical sky-view equipped with the instruments described in Section 2.1. The
measurements assembly allow the experimental determination of the instantaneous aerosol HR (K day™') induced
by absorbing aerosol (e.g. BC and BrC) as detailed in Section 2.2. The methodological approach used to quantify
the cloud fraction and to classify the cloud type is instead-reported in Section 2.3.

2.1 Instruments
At-the-U9-samphing site-in-Milan—+The aerosol, cloud and radiation instrumentations instrumentations has been

installed at the U9 sampling site in Milan since 2015. Site location is shown in Figure 1. The complete instrumental

set up (Figure S1) is described hereafter.(Figu

2.1.1 Light absorbing aerosol measurements and apportionment

Measurements of the wavelength dependent aerosol absorption coefficient baps) Were obtained using the Magee

Scientific Aethalometer AE-31. This allowed multi spectral measurements (7-A: 370, 470, 520, 590, 660, 880 and

6
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950 nm) in the wide UV-VIS-NIR region, not available from other instruments (e.2. MAAP, PSAP, photoacoustic)

i i 5 : 5 ~This spectral range is needed for the HR determination
(section 2.2). Itnetewerthy-that the- The use of Aethalometers takehas-also the advantage of global long-term data
series (Ferrero et al., 2016; Eleftheriadis et al., 2009; Collaud-Coen et al., 2010; Junker et al., 2006) that sheuld
could allow in-the-future-to derive historical data of the HR in the future.

To account for both the multiple scattering (the optical path enhancement induced by the filter fibers) and the
loading effects (the non-linear optical path reduction induced by absorbing particles accumulating in the filter),
the AE-31 data were corrected applying the Weingartner et al. (2003) procedure (Ferrero et al., 2018, 2014, 2011;
Collaud-Coen et al., 2010). As detailed by Collaud Coen et al. (2010), the Weingartner et al. (2003) procedure
compensates for all the Aethalometer artifacts (the backscattering is indirectly included within the multiple
scattering correction), showing a good robustness (negative values are not generated and results in good agreement
with other filter photometers) and, most importantly, it does not affect the derived aerosol Absorption Angstrom
Exponent (AAE) (fundamental for HR determination, section 2.2).

Overall, the multiple scattering parameter C was 3.24+0.03 as obtained by comparing the AE31 data at 660 nm
with a MAAP at the same wavelength (Figure S2). This value lies very close to that suggested by the Global

Atmospheric Watch (GAW) programGAW (2016), i.e. C=3.5. The physical meaning of the similarity between the

obtained C value (3.24) and the GAW one implies that Milan (in the middle of the Po Valley) is characterized by

continental type aerosols (e.g. Carbone et al., 2010) in keeping with global average. To verify the reliability of the

obtained C value, it was also computed following Collaud Coen et al. (2010) procedure. They defined the reference

value of C (Crer= 2.81+0.11) for the AE31 tape based on data from pristine environments (Jungfraujoch and

Hohenpeissenberg sites where aerosol has a single scattering albedo of ~1); at the same time, Collaud Coen et al.

(2010) defined C for any kind of aerosol as follows:

C=Crop+a—2 (1)

1-wo

where a is the parameter for the Arnott (2005) scattering correction (0.0713 at 660 nm) and wo the single scattering

albedo. In wintertime in Milan, within the mixing layer, the single scattering albedo was found to be 0.85+0.01 at

675 nm by Ferrero et al. (2014). From eq. 1 it follows that the expected C in Milan is 3.20+0.15; within its range

the experimental 3.24+0.03 value lies. Details concerning wavelength differences are discussed in supplemental

material.
The loading effects were dynamically determined following the Sandradewi et al. (2008b) approach while the final
equivalent BC concentrations (eBC) were obtained applying the AE-31 apparent mass attenuation cross-section

(16.6 m? g! at 880 nm). The above mentioned compensation procedure introduce an uncertainty in the absorption

coefficient measurements. Collaud-Coen et al. (2010) tested it in different sites and estimated as 23% the global

accuracy of the Weingartner et al. (2003) correction applied in the present work. Moreover, Drinovec et al. (2015)

showed a good agreement between Aethalometer AE31 data (corrected using Weingartner et al., 2003) and that
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of the new version AE33 with a slope close to one and R2>0.90. Thus the Collaud-Coen et al. (2010) accuracy

estimation is considered here as the worst scenario.

As the spectral signature of bussyy reflects the different nature of absorbing aerosol (BC and BrC), once bapsy) is

obtained, it can be apportioned to determine the contributions of BC and BrC, respectively. This result can be

achieved considering that BC aerosol absorption is characterized by an Absorption Angstrom Exponent, AAE =1

(Massabo et al., 2015; Sandradewi et al., 2008a; Bond and Bengstrom, 2006). Conversely, BrC absorption is

spectrally more variable, with an AAE from 3 to 10 (Ferrero et al., 2018; Shamjad et al., 2015; Massabo et al.,
2015; Bikkina et al., 2013; Yang et al., 2009; Kirchstetter et al., 2004). The lower absorption coefficient of BrC in

the IR region (compared to UV) is a consequence of the wavelength distance (in the IR) with respect to the

resonance one (in the UV) described by the simple harmonic oscillator reported in Moosmuller et al. (2011) which

also vield to a decrease of AAE with increasing wavelengths. This is in keeping with the band-gap model with

Urbach tail detailed in Sun et al. (2007) and recalled in Moosmuller et al. (2011) where the key factor is the

difference between the highest occupied and lowest unoccupied energy state of the molecules included in the BrC

ensemble. In this study we determined AAEg:c following the innovative apportionment method proposed by

Massabo et al. (2015). This allows to apportion bass;) between BC and BrC and to determine, at the same time, the

AAEgc assuming that the whole BrC is completely produced by biomass burning. The method by Massabo et al.

(2015) was previously applied to the Milan U9 measurements leading to an average AAEs:c (over a full solar year)

0f 3.6640.03.

2.1.2 Radiative, meteorological and lidar measurements

Radiatien-Spectral irradiance measurements (Fu¢.9)) were collected using a Multiplexer-Radiometer-Irradiometer
MRD-(Figure S1; Ddetails efthe MRl -arereperted—in- in Cogliati et al., €2015).)- The-MRIwhich resolves the
UV-VIS-NIR spectrum (350 - 1000 nm) in 3648 spectral bands (3648-element linear CCD-array detector (Toshiba
TCD1304AP. Japan) for both the downwelling and the upwelling radiation fluxes. The- MR} The instruments was

developed at the University of Milano-Bicocca by using an optical switch (MPM-2000-2x8-VIS. Ocean Optics

Inc., USA) to sequentially select between different input fiber optics fixed to the up-looking and the down-looking

entrance fore-optics. The configuration used in the present work connects each spectrometer to 3 input ports: 1)

The CC-3 cosine-corrected irradiance probes to collect the down-welling irradiance (up-looking channel); 2) the

bare fiber optics with a 25° Field-of-View (down-looking channel) to measure the up-welling radiance from the

terrestrial surface; 3) the blind port that is used to record the instrument dark-current. A 5 m long optical fiber with

a bundle core of 1000 m of diameter is used to connect the entrance fore-optics to the multiplexer input, while the

connection between the multiplexer output ports and the spectrometers is obtained with a 0.3 meters long optical

fibers. The set-up allows to sequentially measurements of dark-current and and both up- and down-welling spectra

simultaneously with the two spectrometers. The two spectrometers used are High Resolution HR4000 holographic

grating spectrometers (Ocean Optics Inc., USA). Finally, the Multiplexer-Radiometer-Irradiometer was equipped

with a rotating shadow-band enabling to measure separately the spectra of the direct, diffuse and reflected
radiationirradiance (Fair(A), Fai(A), Fref(A)). The reflected radiation-irradiance originated from athe Lambertian

concrete surface_(due to its flat and homogeneous characteristics which well represents the average spectral

reflectance of the Milano urban area; Ferrero et al, 2018). E
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Broadband downwelling (global and diffuse) and upwelling (reflected) radiation-irradiance measurements were
also collected using LSI-Lastem radiometers (DPA154 and C201R, classl, ISO-9060, 3% accuracy; 300-3000
nm). Diffuse broadband irradianceradiation was measured using the DPA154 global radiometer equipped with a

shadow band whose effect was corrected (Ferrero et al., 2018) to determine the true amount of both diffuse and
direct (obtained after subtraction from the global) radiatienirradiance.

In addition to radiation measurements, temperature, relative humidity, pressure and wind parameters were
measured using the following LSI-Lastem sensors: DMAS580 and DMAS570 for thermo-hygrometric measurements
(for T and RH: range -30 - +70 °C and 10% - 98%, accuracy of + 0.1 °C and + 2.5% sensibility of 0.025°C and
0.2%), the CX110P barometer model for pressure (range 800-1100 hPa, accuracy of 1 hPa) and the combiSD
anemometer (range of 0 - 60 m/s and 0-360°) for wind.

The experimental station U9 is also equipped with an Automatic Lidar-Ceilometer (ALC)-operated by ISAC-CNR
in the framework of the Italian Automated Lldar-Ceilometers network (ALICENET, www.alice-net.eu) and
contributing to the EUMETNET E-Profile ALE-Network (https://www.eumetnet.eu/). It is a Jenoptik Nimbus 15k
biaxial lidar-ceilometer operating 24 hours per day, 7 days per week. It is equipped with a Nd:YAG laser that
emits light pulses at 1064 nm with an energy of 8 uJ per pulse and a repetition rate of 5 kHz. The backscattered
light is detected by an avalanche photodiode in photon counting mode (Wiegner & Geil3, 2012; Madonna et al.

2015). The vertical and temporal resolution of the raw signals are 15 m and 15 seconds, respectively. Signals are
recorded up to 15 km height, with a_fulla overlap height < 1000 m. Vertical signals are averaged at 120 seconds
to improve the signal to noise ratio. The Nimbus 15k lidar-ceilometer is able to determine cloud base heights
(CBH), penetration depths, mixing layer height and, with specific processing, vertical profiles of aerosol optical
and physical properties (e.g., Haeffelin et al., 2011, Dionisi et al., 2018; Diemoz et al., 2019a, 2019b). For the
specific purpose of this study, exploitation of the U9 ALC-ceilometer data has been limited to cloud layering and
relevant cloud base height as the system can reliably detect multiple cloud layers and cirrus clouds (Boers et al.,
2010; Martucci et al., 2010; Wiegner et al., 2014) within its operating vertical range (up to 15 km). Given the

vertical resolution of the instrument, expected accuracy on the cloud base height derived by the lidar-ceilometer

is <430 m.
Global and diffuse radiatien—irradiance measurements, coupled with the ALC—ceilometer data were used to
determine the sky cloud fraction and to classify the cloud types by following the methodology presented in the
Section 2.3.

2.2  Heating rate measurements

The instantaneous aerosol HR (K day™!) induced by absorbing aerosol is experimentally obtained using the

methodology reported and validated in Ferrero et al. (2018). Here we briefly summarize the method and the reader

is referred to the aforementioned publication for the physical demonstration of the approach.

The heating rate is determined from the knowledge of: the air density (p, ke m™). the isobaric specific heat of dry

air (Cp, 1005 J ke™! K™ and the radiative power absorbed by aerosol for unit volume of air (W m™) describing the

interaction between the radiation (either direct from the sun, diffuse by atmosphere and clouds and reflected from

the ground) and the LAA (BC and BrC in Milan). The HR is determined as follows (Ferrero et al., 2018):

1 6=m/2 A=3000 Fairdifref(4,6)
HR = E : Zdir.dif,ref 6=0 A=300 T(Gﬁbam(l)d/lde -




B55

360

B6S

370

B75

380

385

where the subscripts dir, dif and ref refers to the direct, diffuse and reflected components of the spectral irradiance

F of wavelength A impinging the LAA with an zenithal angle 6 (from any azimuth).

Under the isotropic and Lambertian assumptions (as used in Ferrero et al., 2018) equation 2 can be solved

becoming:
HR = HRyjr + HRyip + HRyof =

1

= E : [coslm f/1 Fdir(l) babs(ﬂf) dA+2 fl Fdif(/i) babs(’D dA+2 fa Fref(l) babs(ﬂf) dl] (3)

where 8- refers to the solar zenith angle while Fair(A), Faif(A) and Frer(A) are the spectral direct, diffuse and reflected

irradiances. Eq. 2 and 3 represent a linkage with the concept of actinic flux (Tian et al., 2020; Gao et al., 2008:

Liu, 2007); a deepening of this description, as well as its demonstration is detailed in Supplemental Material.

ation—As the intensity of these
irradianceradiation components is a function of cloudiness and cloud type (section 2.3), Egseq. 34-and-5- enables
to assess the impact of the latter components on the aerosol absorption of shortwave radiation and thus on the
corresponding HR (sections 3.2 and 3.3).

The most important advantages and limitations of this measurement-based approach to derive HR are as follows.

Advantages:

10
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- no radiative transfer assumptions needed (i.e. assumption of clear sky conditions), as the parameters input

to equations 2 and 3 are all derived from measured quantities.

- possibility to investigate the HR temporal evolution, as measurements of spectral irradiance and

absorption coefficient are carried out at high temporal resolution allowing to follow the rapid HR dynamic

- possibility to derive HR in all sky conditions, as measurements of spectral irradiance, absorption

coefficient are independent from atmospheric conditions enabling to investigate the impact induced by

the clouds
Limitation:

- the ADRE and the HR are independent from the thickness of the investigated atmospheric layer (as happens

for routine atmospheric pollution measurements; i.e. BC, aerosol and particle number concentrations) and

refers to the vertical location of the atmospheric layer in which both the ADRE and the HR are experimentally

determined. In the present work they were applied to the near-surface atmospheric layer.

Despite this limitation, BC and HR vertical profiles data previously collected at the same site and in other basin

valley sited revealed that the HR was constant inside the mixing layer (Ferrero et al., 2014). In fact, in our

observational site, vertical profile measurements with tethered balloons and lidar-ceilometer were performed since

2005 mostly showing homogeneous concentrations of aerosol (and related extinction coefficient) within the

mixing layer, particularly in daytime (Ferrero et al., 2019). The same condition was verified by the lidar-ceilometer

data collected during the present campaign (Figure S3, supplemental material). The methodology is therefore

believed to be also representative for the whole mixing layer if the aerosol vertical dispersion is homogeneous

within it. This might not be the case for regions of the globe where the upper troposphere is impacted by high

levels of BrC from biomass burning (Zhang et al, 2020). In addition, Ferrero et al. (2019) showed that in Milan

87.0% of aerosol optical depth signal was built up within the mixing layer, 8.2% in the residual layer and 4.9% in

the free troposphere making the impact of cloud on radiation dominant with respect to that of aerosol (above the

mixing layer) for the purpose of the present paper.
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2.3 Cloud fraction, cloud classification and average photon energy

2.3.1  Cloud fraction

The cloudiness—fraetion was determined following the approach reported in Ehnberg and Bollen (2005) _that—In
particularradiometer-measurements—were-used-enables to calculate the fraction of the sky covered by cloud in

terms of oktas (), overall leading to 9 classes, corresponding to values of N ranging from 0 (clear sky) to 8

(complete overcast situation). As reported in-by Ehnberg and Bollen (2005), the amount of global radiation
irradiance (Fgo) ean-beis related to the solar elevation angle (n/2-0) and to the cloudiness eendition-following the
Nielsen et al. (1981) equation:

ag(N)+ a1 (N) sin(E—9)+a3(N) sin3(E—9)—L(N)
Fglo-(N) = 2 a(v) 2 (64)

where N represents one of the possible 9 classes of sky conditions expressed in oktas (from 0, clear sky, to 8,

complete overcast)where N-represents-one-ofthe-possible 9-¢lasses-of-eloudfraction-and a, ao, a1, a3 and L are

empirical coefficients that enable to compute the expected global radiatien—irradiance for each oktas class

(Fgi0—(n))» at a fixed solar elevation angle (n/2-0). Their values, extracted from the original work of Ehnberg and

Bollen (2005), are summarized in Table S1. Overall, Egeq. 6 allows to determine the unique oktas value N by

comparing the measured global radiation-irradiance (Fglo) With Fgo-av) at any given time.

With this approach StiHl, the se-derived-cloud-fractioncloudiness can be used to evaluate the interaction between
incoming radiation and Hght-abserbing-aereselLAA in cloudy conditions but but does not provide the opportunity
to witheut-the-pessibiity-to discriminate between cloud type.- The following sections (2-3-2-and-2-3-3)-describe

the methods applied to overcome this limitation by implementing a cloud classification scheme.

2.3.2  Cloud classification
Identification of cloud €leud-classes and-clond-cover-is by common practice still largely determined-performed

by human observations based on the reference standard defined by the World Meteorological Organization

WMO). However, these observations lack the required time resolution which is needed by the present work to

couple highly time resolved HR data with cloud type. Due-to-high-spatial-and-temporalvariability-ef-elouds;

d N dd
dtio O ot a a O provea—oYy aSy S —agd

observer-independent-information Cloud classification literature reports a huge quantity of papers and reviews

aimed at classify clouds avoiding the limits of a simple human inspection by means of different techniques and

their integration; they the——whieh—rely_on different ensemble of instruments: 1) ground based, 2) remote
sensing/satellite based or 3) installed on meteorological balloons (Tapakis and Charalambides, 2013). many-studies

emeintegratingSome

examples are reported in Singh and Glennen (2005), Ricciardelli et al. (2008), Calbd and Sabburg (2008), Tapakis
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and Charalambides (2013). Galli et al. (2004) successfully applied the Duchon and O’Malley (1999) approach to
the Po Valley.

To exploit the full potential of our measurements, we needed a cloud type classification method able to follow the

high temporal resolution of the observations, also considering the high spatial and temporal variability of clouds.

Among the above mentioned instrumental ensembles, ground based instruments provide measurement of the

incident solar irradiance to detect the effect of clouds along the path from the sun to the sensor (Calbo et al., 2001).

The concept of using irradiance measurements to estimate cloud types was first introduced in the milestone work

of Duchon & O'Malley (1999) which -used-Fis based on the fact that clouds with different velocities and optical

depth cross the slowly changing path of the solar beam over different time durations. Given the available irradiance

data (section 2.1), in the present work, the cloud classification starts from the Duchon & O'Malley (1999) method

which was previously applied in the geographical context of the Po Valley (Galli et al., 2004). In particular, we

used irradiance measurements (Foio) to compute two parameters R: and SDx as follows:

1 @j= Fglo(i
R, = — yi=t+10_Tglo(®) S
t 2021—1:—10 Fglo_cS(i) ( )
SDy = 0410 (Fyio(e+10) * Sft10) !

R: is the 20 minutes running average ratio between the observed global irradiance (Fa) and the modelled clear

sky irradiance (Robledo and Soler, 2000) expected at the same place (Fqio_cs) at the time t; Ry describes the time-

dependent cloud efficiency in reducing the incoming solar radiation (Ri=1 in perfect clear sky while Ri~0 in

complete overcast conditions). SD; instead represents the 20 minutes standard deviation (SD) of the scaled global

irradiance (Fq10-Sf) centered at the time t; SD: describe the temporal stability of clouds in the atmosphere (e.g.

persistent stratus clouds will be characterized by a SD«~0 while cumulus of good weather will be characterized by

higher values of SD:) while Sf; represent the so-called scaling factor (Duchon & O'Malley, 1999) that equals to:

-2
Sft — 1400 Wm (7)

Fglo_cs(t)

Visualization of the SD-R results thus represents a first tool in distinguishing different cloud categories as a

function of their efficiency in reducing the incoming solar radiation (R) and their persistency (SD). theThe

potential of the SD-R plot is presented in Figure 2a-h; it showswhieh-presents four example of the temporal
evolution of the observed Felo, Feio cs and Fuir- (left column) and-GHItegetherwithand the corresponding SD-R
diagrams (right column). More in detail:

in the first case (Figure 2a)
H99N9 1na-CS-ease(Fisure 28)F o1, approacheshine follows-Fon csGHE without any significant temporal
deviation, thus leading to a cluster of data in the SD-R diagram (Figure 2b) characterized by R-—~elesete
1 and SD~—elosete-0 W m™. These conditions are those associated to clear sky (CS) by Duchon &
O'Malley (1999)-(Figure2by-

2- Cenversely-the second case (Figure 2¢) shows Fei, completely due to the diffuse irradiance (Fui) along

—_—
1

the whole day (note that in Figure 2¢ Fuiris superimposed on Foio); this condition completely differ from

the CS case as both R and SD approach 0 (Figure 2d). Duchon & O'Malley (1999) associate these

conditions to the presence of persistent stratiform clouds.

3- the third case (Figure 2¢) reports Fei, approaching Fein cs being at the same time characterized by small

amplitude oscillations. In this case R ranges between 0.75 and 1 and SD from 0 to ~100 W m? (Figure

13



505

510

515

520

525

530

535

540

21). The cluster of data is thus more dispersed than that of the CS case an placed slightly above it. Duchon

& O'Malley (1999) attributed this situation to the presence of Cirrus (Ci) clouds without avoiding to

underline that in some borderline cases a misclassification between CS and Ci (just based on SD-R plot)

could be possible

4- the last case (Figure 2g) represents a transition from a CS situation (before midday) to cloudy conditions

(after midday) characterized by a significant scatter of Fo. Figure 2h clearly shows that the sky condition

evolves from the CS toward cloudy sky, shifting the R data from ~1 down till ~0.25 and increasing SD
from ~100 up to ~500 W m™>. According to Duchon & O'Malley (1999), the arrival of Cumulus of good

weather could be the reason of such behavior (Cu clouds movement in the sky result in fast sun/shadows

transitions). Also in this case, the SD-R plot alone cannot exclude the presence of other kind of clouds

responsible for a similar behavior (e.g. Altocumulus, Ac; Cirrocumulus, Cc; Cirrostratus, Cs). Note that

in order to show the spread of data in the SD-R diagram (Figure 2h) in function of time, an hourly specific

color code was assigned to the data points; the corresponding regions in Figure 2g were delimited by

dashed lines with the same color code.

Cu-cloudsregionsis-widerand-above the-one-of Cielouds-Overall, Figure 2a-h shows the potential (and limits) of
the SD-R plots for a preliminary broad sky/cloud classification. MererecentlyHarrison-et-al(2008)-went-deeper

the SD-R diagram alone leaves margins of misclassification, especially because it is impossible to retrieve

information in cases of simultaneous presence of different cloud types at different levels.

For this reason, in the present work we attempted a further refinement of cloud classification including the

information of the cloud base height (CBH) and the number of cloud layers obtained from the automated Lidar-

Ceilometer measurements. The CBH is a key parameter in the characterization of clouds (Hirsch et al., 2011),

since its estimation limits the number of potential cloud classes that the SD-R classifier has to compare with, and

thus maximizing the efficiency of the Duchon & O'Malley (1999) classification algorithm. In fact ceilometer

instruments were firstly developed and are commonly used in airports to operationally detect cloud layers, and

their use for aerosol-related studies is more recent. Furthermore, the use of ceilometer data for cloud classification

and cloud study purposes does not represent an absolute novelty in the scientific literature as demonstrated by

recent works by Huertas-Tato et al. (2017) and Costa-Suros et al. (2013). The availability of CBH information

allows to divide cloud type in three fundamental categories (Tapakis and Charalambides, 2013): low level clouds

(<2 km), mid-altitude clouds (2-7 km) and high-altitude clouds (>7 km). From a general perspective high level
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clouds includes Cirrus (Ci), Cirrocumulus (Cc) and Cirrostratus (Cs); Mid-level clouds includes Altocumulus (Ac),

Altostratus (As), and Nimbostratus (Ns) and finally, Low level clouds includes Cumulus (Cu), Stratocumulus (Sc),

Stratus (St), and Cumulonimbus (Cb) (Tapakis and Charalambides, 2013: Ahrens, 2009; Cotton et al., 2011).

The ceilometer-based information on cloud altitude of each analyzed data is added as color code to the SD-R

diagram in Figure 3. It shows that, on average, low level clouds are located on the left side of the SD-R diagram

(stratiform clouds), high-altitude clouds are conversely on the opposite side (this being the region of Ci and Cu

clouds); finally, mid-altitudes clouds mostly cover the central part describing all the possible

transitions/combinations from St to Cu and Ci, e.g. altostratus (As), altocumulus (Ac).
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Overall, adding the CBH information to the SD-R plot enabled us to identify eight cloud types :Overall-eoupling
i i b : St (stratus), Cu (cumulus) and SctCu

(stratocumulus) as low level clouds; ass:-AstSt (altostratus) and Aclcu (altocumulus) as mid-altitude clouds: s:

and-Ci (cirrus) and Cci€u-CsiSt (cirrocumulus and cirrostratus merged in one single class) as high-altitude clouds.

A summary of the threshold values of R, SD, and cloud level used here to the final cloud classification is given in

Table 1, the R and SD limits being based on the works of Duchon & O'Malley (1999) and Harrison et al. (2008)

and those of CBH being derived considering the cloud properties at midlatitudes.

Finally, to avoid misclassification due to the presence of multiple cloud layers, the analysis was limited to those

cases where only one cloud layer was detected by the ceilometer. Another reason for limiting the analyses to one

cloud layer is due to the main aim of this work: to quantify the effects of different cloudiness and cloud types on

LAA HR. Any multiple-layers cloudy conditions would result in a confounding information for the purpose of the

present study. In this respect, 10855 single layer cases were analysed, representing 61% of all measurements.

Figure 4 shows the SD-R diagram of all data (grey) with superimposed R and SD mean value and 99% confidence
interval of each of the eight identified cloud classes, plus the clear sky (CS) one. The—final SD-R-diagram-with

Final cloud classification was obtained for the period from November 2015 - March 2016, during which all

necessary parameters were available (section 3).

Since this methodology is applied for the first time in the Po Valley, a complete validation of the aforementioned

approach is reported in Appendix B (“Cloud type validation™); it also includes a comparison with the classification

based on the coupling of irradiance and CBH measurements simultaneously proposed this year by Ylivinkka et al.

(2020). Thus, the Validation in Appendix B was conducted in two steps: the first step was carried out comparing

the present automatized cloud classification with a visual cloud classification based on sky images collected during

1 month of wintertime field campaign; the second validation step was carried out comparing the present

automatized cloud classification with the one discussed by Ylivinkka et al., (2020). The overall balanced accuracy

was 80% for the visual validation and 90% for the intercomparison with the Ylivinkka et al., (2020) methodology
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underlying the reliability of the classification algorithm allowing to study the impact of clouds on LAA HR with

a sufficient grade of certainty.

3 Results and Discussion

HR-values-considered-in-thisstudy-wereData measured over Milan from November 2015 to March 2016 ares-as(

this period covers the simultaneous presence of radiation, lidar and absorption information necessary for the

analysis)measurements—fundamental-for-the-analysis-presented-here(scetion-2).-); These-data-are presented in
Section 3.1. The role of cloudiness and cloud type its-influenee-on the- total HR is discussed in section 3.2 while

seetion3-3-deseribes-the-impaet-of each-clound-type-on-the HR1n-Sin section 3.43, the clouds impact on the HR is
discussed with respect to the light absorbing aerosol species: BC and BrC. All the data are reported everywhere-as

mean+95% confidence interval.

3.1 HR;eBC,-and irradiancetion HR and cloud -data presentation

High time resolution data (5 minutes) of eBC, Fao, CBH, cloudiness (oktas) and resulting HR are shown in Figure

5; their Mmonthly averaged values ef-eBC-and-HR-are presented in Figure 5a-6a while-and the-eorrespending
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The lowest eBC values (1.54+0.04 ug m) were recorded in March while, as expected, theThe highest values of
eBC (and bapsssonm ) were found s-as-expeeted-in the middle of the-winter, in December (6.29+0.09 pg m~ and

31.1£0.5 Mm™, respectively) with a maximum value of 27.44 pg m~ (135.7 Mm™") when strong emissions in the

Po Valley are released into the stable boundary layer (Sandrini et al., 2014; Ferrero et al., 2011b; Barnaba et al.,
2010). In faet;in-this month the average PMio and PM..s were also at their maximum, with 73.1+£0.6 and 69.3+0.6
ug m, respectively (source: Milan Environmental Protection Agency, ARPA Lombardia) and- the -Thus; eBC

accounted for ~10% of PM mass concentrations;-.resulting in-the-abserption-of shertwave radiative power (ADRE

These high wintertime values of eBC ; HR-and-ADRE-agree with those observed previously in the Po Valley due
to the low atmospheric mixing conditions (Ferrero et al., 2014, 2018) and confirm that eBC is-the-maincan be an
important driver for the behavior-efatmospheric heating-HR-and- ADRE-on-the-seasonal-timeseale. Howeverin

Concerning
the radiation, during the investigated period, the lowest monthly irradiance value was observed in December (Foo:

141+4 W m™; Table 2) while the highest in March (Fe: 3107 W m™>). As a result of eq. 3 the highest monthly

average HR was recorded December (1.43+0.05 K day™!) while the lowest one was recorded in March with a value

of 0.54+0.02 K day"!' (Figure 6a, Table 2). Even the HR monthly behavior followed the eBC trend (Table 2;

R?=0.82. not shown) it is also useful to compare the maximum to minimum ratio of eBC monthly mean (December
to March, eBC ratio: 4.10+0.12) to the same for the HR (2.65+0.16). theratio-between-maximum-and-minimum

a2 month mean oancen on Decembe o—N\ h oB o—4 0-0) hiche han h o R
5 Y a a vid B a 5 5 T W-a a a

(2:65+0-16). This ratio is higher for eBC-Fhis-is because -the incoming radiation-irradiance was lower in December
(Fto: 1414 W m2; Figures 5b-6band-S5) with respect to March (Fgio: 310£7 W m™, ratio of 0.45+0.02), partially

compensating the marked wintertime increase of eBC.

This is due to the interaction of LAA with Fair. In fact, once Fuir is scaled by cos(8:) (eq. 3, section 2.2, Figure S5)

it is quite constant along the year (and perfectly constant only in clear sky conditions). Conversely, the diffuse and

reflected irradiance (Figure S5), under the isotropic and Lambertian assumptions (eq. 3), remain seasonally

modulated (Figure S5).

introduce the importance of both amount and kind (direct, diffuse and reflected) of radiation that interacts with

LAA. In brief, any process able to influence the total amount and the kind of impinging irradiance (e.g.

presence/absence of clouds, cloudiness and cloud type) will result in a different HR, even keeping constant LAA

levels. The investigation of this aspect is the main focus and added value of this study. High resolution data (Figure
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5 and Figure S5) provided a first hint on the importance of cloud presence on HR; a sharp global irradiance

decrease was observed in cloudy conditions especially in presence of low level clouds (low CBH) and high cloud

cover (7-8 oktas).

Cloudiness and cloud type were thus determined carefully as detailed in sections 2.3.1 and 2.3.2. Overall, along

the whole campaign, the average cloudiness was 3.58+0.04 oktas with the highest monthly value in February

(4.56+0.07 oktas) and the lowest in November (2.91+0.06 oktas). These data are in line with the mean cloudiness

over Europe (~5.5 oktas; Stjern et al., 2009) and over Italy (~4 oktas; Maugeri et al., 2001). Moreover, during the

campaign, clear sky (CS) conditions were only present 23% of the time, the remaining time (77%) being

characterized by partially cloudy (35%, 1-6 oktas) to totally cloudy (42%., 7-8 oktas) conditions. Fhisisrelevant

as—-was—found-that-eCloudy conditions are therefore dominant in terms of frequency. Here-we-will-further

o clonde IR ralatinnchine by exnlorine the offoct of diffarent funecof clonde onthic relationchin

aity The dominating cloud class was that of St (42%),
followed by St€uc (13%) Ci, CiCuc-CiSts (7% and 5%, respectively). The contribution of each cloud type to the

cloudiness {expressed-in-oktasyofthesky is reported in Figure 7b.: This-elearly-shows-that-wWhile St were mostly

responsible of overcast situations (oktas=7-8, frequency: 87 and 96%), ScStCu dominated the intermediate

cloudiness conditions (oktas=5-6, frequency: 47 and 66%):— and the transition from Cc-Cs to Sc determined
moderate cloudiness (oktas=3-4): finally, were-meostly-dueto-atransitionfrom-CiCu-CiSt-to-StCu—while-low

cloudiness (oktas=1-2) were mostly dominated by Ci and Cu (frequency: 59 and 40%, respectively). As mentioned

(section 2.3.2 and Figure 4) low level clouds (<2 km) include Stratus (St), Cumulus (Cu) and Stratocumulus (Sc),

mid-altitude clouds (2-7 km) include Altostratus (As), and Altocumulus (Ac) and high-altitude clouds (>7 km)

include Cirrus (Ci), Cirrocumulus and Cirrostratus (Cc-Cs). Thus, it is clear that, as a general pattern, the higher

cloud cover (higher oktas) is due to a higher frequency of low-mid altitude clouds. This is evident in Figure 7b

which reports the average CBH for each oktas. CBH was related with oktas (Figure S6a, Supplemental material)

underling the linkage (together with Figure 7b) between the fraction of sky covered by clouds and the cloud type

responsible for it, at least at the measuring site. Indeed the cloudiness (oktas) is a non-linear function of the cloud

type, as cloud type are related to the meteorological patterns: e.g. cirrus clouds are associated mostly with a

synoptic sunny weather (especially in transition with clear sky) with higher winds than the opposite situation in

which highly persistent stratiform clouds generate cloudy weather in lower windy conditions. Figure 8 summarizes

the average cloudiness associated with different cloud type showing oktas rise from cirrus clouds (0.51+0.05 oktas)

till stratus clouds (7.20+0.04 oktas) dominated conditions. This is in agreement with a recent work of Bartoszek

et al. (2020) who associated higher cloudiness level with the presence of stratiform clouds. A deeper analysis of

the relationship between oktas, CBH in our dataset is provided in Figure S7a, while the possible role of wind on

cloud type is explored in Figure S8.
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3.2 Cloud-fraetion impact on the hating rate

3.2.1 The role of cloudiness

Figure 6a already provided tFhe first indication of the important role played by clouds on the total HR. In fact, it

shows ean-be-derivedfrom-the magnitude of the absolute (and relative) contribution of the diffuse component
(HRuiy) with respect to the total HR revealing that on a monthly basis, to-the HR-(HR«/-as-reported-inFigure Sa-
Ht-shews-the monthly-average values-of HR; HRais HRairand- HRrrevealing that the diffuse contribution accounted
for-on average 40+£1% of the total HR. In most cases this is—On-a-menthly-basis;this-was-comparable or even
higher than HRuir. The only exception was in November 2015 were-when a-the lowestr-fraction of both HRair
(Figure 6a) and Fur diffuse—radiation—was(Figure 6b)— were measured (Figure—5b)—compared—to—the—other
months(30.4+1.4% and 34.3+2.6%, respectively) this also being the month with the lowest average cloudiness—#
el beb el s ol e du e (0D 9140,06 olilngs) et o d e o et
(375+0-03),—due—to—thehighest frequeney—of-elear sky—eonditions. The aforementioned data demonstrate the

importance of the diffuse component of radiation. Therefore, the absolute values of the HR and its components

were firstly investigated as a function of cloudiness (clear sky and complete overcast situations) in Figure 9a

(seasonal averages). In the wintertime clear sky, the direct component of the HR (HRu4ir) was higher than HRairand

HR,.r accounting for 1.35+0.04 K day’! and explaining on average 60+5% of the total HR; similarly, in the

springtime clear sky HRa4i» was 0.47+0.01 K day! again higher than HRur and HR,.. Conversely, in complete
overcast conditions (Oktas=7-8), HRuir alone (84+1% of total HR) accounted for 0.33+0.01 and for 0.19+0.01 K

day’! during both winter and spring.

—In order to deeper investigate

the role of cloudiness, it is necessary to decouple the variability of the HR induced by radiation from that due to

d&e%e—theﬁ&bsefpﬂeﬁ—eﬁhe—nﬂmﬂgmgﬂ%diaﬁeﬂ—th%s—Thus the HR values_and that of its components (HRuir,
HRair and HRrer) were normalized to the unit mass of eBC (K m® day™! pg™') —and reported as a function of ektas

cloudiness in Figure 9a together with and-further-differentiate-its-components{(HRai/eBEHRa/eBC)-as-wel-as
the measured radiation-irradiance (Foo, Fair,-and Fai) and Fr.z). Overall, Figure 9a shows the general decease of

HR/eBC for increasing cloud cover, a pattern also observed for both HR4i/eBC and HR../eBC which follows the

relevant decrease of direct and reflected irradiance. Note that at oktas HR«/eBC-deereased-constantly-from-elear

ineomingsolarFu—At-ektas-values of 7-8, the-HRuiresc reached values close to 0 (due to the suppression of Fui
by clouds) while HRret/eBC was 0.03+£3*10* K m® day! ug! due to the presence of surficial albedo effect on the

diffuse irradiance (Fuay). Conversely,— HRu/eBC increased with—while increasing cloudiness, but not
eentinvoustymonotonically—; Iafaet; HRay/eBC showed-reached a maximum peak (0.16+0.01 K m® day™! pg™') at
intermediate cloudiness conditions (5-6 oktas), in line with the behavior of the diffuse irradiance when-alse-the
diffuseradiation-peaked-reaching Fax—: maximum of 147+6 W m2, doubling the-—relevant-value in eompletely
overcast conditions (74+3 W m%; 7-8 oktas) and exceeding 150% of that in clear sky (912 W m). In overcast
situations (oktas=7-8) both HRu#/eBC and the diffuse radiation—irradiance reached their minimum due to the
capability of clouds to effectively attenuate the whole radiation; however.: ¥etin these conditions, differently-from
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the—direetradiation,—the-HRuy /eBC is-was still not null (0.08+0.01 K m? day' pg') becoming the highest
contributor of the total atmospheric HR, with a percentage of 84+1%.
HR/eBC and cloudiness data were linearly related showing a high level of correlation (R?>=0.935, Figure S6b);

thus, in a first insight cloudiness could be used as good predictor (in modelling activity) for the HR/eBC.

As from Figure S6a (section 3.1), the CBH appeared related with the cloudiness, an additional linear correlation

was tested between HR/eBC and CBH (Figure S6¢; R?>=0.857); this relationship is is weaker than that between

HR/eBC and cloudiness as the cloudiness, describing the fraction of sky covered by clouds, is a better predictor

of the capability to suppress the incoming radiation (and thus the HR promoted by LAA). -The relationship between

CBH and cloudiness should be also investigated in other monitoring site around the world to unravel the possibility

to use CBH (together with cloudiness) as a promising prognostic variable for the HR of LAA in future studies.

These results clearly highlight that clouds are responsible for an important feedback on the aerosol HR that needs
to be carefully quantified, pointing to the need to correctly include and model cloudy conditions in radiative

transfer calculations aimed at evaluatingef the “real werld-contribution of aerosol BPRE-forcing on the atmospheric

and-the-HR on a global scale.
Experimental-Our experimental HR measurements—at-high-timereselution-heneedata enabled us to estimate the

degree of error introduced by improperly assuming clear-sky conditions in radiative transfer calculations.

Particularly, we found that he simplified assumption of clear-sky conditions leads to overestimate the LAA-

induced by-incorrectly-assuming clear-sky-conditions-the HR of light-absorbing acrosol-can-be-overestimated-by
the—folowinga factors:_ranging from 50_to 470% (_50% in low cloudiness, oktas=1-2), 109% {in _moderate

cloudiness, oktas=3-4), 148% (in intermediate cloudiness, oktas=5-6)-, and 470% in cloudy conditions (oktas=7-

3.2.2 Cloudiness and diurnal pattern of HR

The presence of clouds can also alter the HR diurnal pattern. Figure 10a-d shows the mean diurnal pattern of eBC,

wind speed, Fa, and HR in both clear sky (oktas=0) and cloudy conditions (oktas=7-8). In clear sky, the eBC

peaked at 8:00 LST (6.41+0.31 pg m™) during the rush hour (Figure 10a); then eBC decreased until its minimum

in the early afternoon (1.074+0.10 pg m™) when the wind speed reached its maximum (1.5+0.1 m s’!. Figure 10b).

The incoming Fe in clear sky peaked as expected at midday with 497+10 W m™ (Figure 10c). This caused an

asymmetric HR diurnal pattern, being characterized by a fast increase to the maximum at 10:00 LST (3.60+0.18

K day!) and a subsequent slower decrease till sunset (Figure 10d). This pattern was not present in cloudy

conditions (Figure 10d). First, eBC showed a moderate peak at 10:00 LST (4.094+0.20 png m™) being quite stable

during afternoon — remaining above 3 pg m> until 16:00 LST (Figure 10a). The eBC behavior was consistent
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with that of wind speed which only slightly rose during the day, however being always below 1 m s™!' (on average

0.6440.03 m s', Figure 10b). The incoming Feo in cloudy conditions peaked again as expected at midday with

1034 W m™ with a much slower increase during the day (Figure 10c). The supplemental material (section: Wind

speed, cloudiness and clouds) and Figure 7b show that cloudy conditions were mostly associated to stratus and

very low windy conditions (0.64+0.02 m s!), explaining the flat diurnal behavior of eBC differing from the clear

sky case. Moreover, the absence of any direct irradiance in cloudy conditions (Figure 9b: section 3.1) determines

that Fl1o was essentially due to the diffuse irradiance whose symmetrical bell shape curve drove the HR behavior

(Figure 10d), peaking at midday with a value of 0.7440.01 K day"' (much lower than in CS).

As a conclusion, in different cloudiness conditions, not only the absolute magnitude of the HR is different, but

also its diurnal pattern. This also changes the related atmospheric feedbacks, such as the influence on the liquid

water content (Jacobson et al., 2002), planetary boundary layer dynamics (Ferrero et al., 2014; Wang et al., 2018),

regional circulation systems (Ramanathan and Carmichael, 2008; Ramanathan and Feng, 2009), and finally on the

cloud dynamic and evolution itself (Koren et al., 2008; Bond et al., 2013). Thus, an inappropriate use of clear sky

assumption in models will also reflect on the modelled HR-triggered feedbacks. These results also acquire

relevance in the context of the counterintuitive semi-direct effect proposed by Perlwitz and Miller (2010) and

referred to in Section 1: the atmospheric heating induced by tropospheric absorbing aerosol could lead to a cloud

cover increase (especially low-level clouds). Such a feedback stresses the need for a proper inclusion of sky

conditions into radiative transfer calculations.

3.2.3 The role of cloud type

The previous section showed the i#mpertance—cffect of cloudiness #-determiningboth-the kind-eof-the-active
radiation-and-the-suppression-on the total LA Aef HR-with+ : This—isrelevantas—itwas

The impact of each cloud type on the HR is addressed here as not all clouds have the same effect on irradiance

(Tapakis and Charalambides, 2013).

As done in the previous section, we refer to HR values normalized to eBC unit mass (HR/eBC) to decouple

radiation and aerosol effects. Figure 11a-d shows the total -HR/eBC and Fgos-together with the corresponding
components (HRa/eBC and Fuir; HRui/eBC and Fair ; HRy/eBC and Fr, Figure 11b-d). tegether—with-the
d&—The figure shows a prefect agreement between cloud_type, irradiance and radiationsuppression—of-different
eloud-types-and-the-eonsequentthe corresponding HR/eBC-deerease (R>>0.93; not shown). It also highlights how
critical is, for radiative transfer calculations and HR determination, to eonduet-apropersimulation-takingtake into
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account the role of each cloud type. ¥
whileOnly theeir cloud influence on the diffuse-cempenent-HRay/eBC is less-diverse from the other components.
In terms of absolute values (not normalized for eBC), Figure 9-12 reveals that the HRsHR due-to-directradiation

was only dominant during CS and Ci conditions (HRai: 1.11+0.04 and 0.92+0.05 K day™!, respectively), explaining
66+3 and 57+4% of the total atmospheric HR-ef light-abserbing-aereosel-AA). In the other cloudy cases (St,
AstSt and St€uSc) HRuir dominates, reaching the highest absolute contribution of 84.4+3.8, 83.0+10.7 and 76+4%
(HRuay: 0.25+0.01, 0.34+0.03 and 0.66+0.02 K day™), respectively.

Given the aforementioned impact of cloud type, the capability of cloudiness to be a good predictor for the HR (as

detailed in section 3.2.1) and the linkage (over the investigated site) between cloudiness and cloud type (section

3.1, Figure 7b), the synergic impact of cloudiness and cloud type on HR was investigated and presented in Figure

13. In the figure, we summarize the HR results in terms of percent difference from the clear sky (CS) case by

averaging the cloudiness (in oktas) for each cloud type (as detected in section 3.3). Overall, the derived linear

regression indicates a HR decrease of about 12% per okta: the R? (0.963) was slightly higher than that reported in

Figure S6b (R?*=0.935: relationship with the cloudiness only) suggesting the need (for precise calculations) to

account for the cloud types responsible for any sky coverage in agreement with a recent work of Bartoszek et al.

ekta—Figure 13 Kn o-alloweds us

to associate this-the HR decrease to each specific cloud types. (Figure+0)—"tn-partiewlarParticulalry, Ci are-were

found to produce a modest impact on cloudiness (0.50+0.05 oktas) decreasing the HR by ~3%, while Cu
(1.76%0.09 oktas) decrease the EAA-HR by -264+8%. CicuCc-CiSt-Cs (oktas of 3.56+0.14) were responsible for a
-4946 decrease of the HR. Their impact was comparable to that of StCu-Sc (4.68+0.10 oktas, -48+4% of HR).
AdCu-Ac (4.11+0.18 oxtas) had a higher impact, decreasing the HR efby -59+6%. The highest impact was given
bydue to AIStAs (6.57£0.15 oktas; -76+4% of HR) and-finally by St (oktas: 7.19+0.04) that suppressed the EAA
HR by a factor of -83+4%.
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3.3  The impact of clouds on the absolute-andrelative-BC and BrC heating rates

In this last part of the work we focus on the HR of the two main absorbing aerosol species: BC and BrC (obtained

as detailed in section 2.1.1). The monthly averaged values of HR of BC and BrC (HRsc and HRs:c) are reported
in Figure 14. The highest HRsc and HRe:c values were recorded in December (1.2440.03 K day™! and 0.19+0.01
K day!) while the lowest were recorded in March (0.46+0.01 K day™' and 0.07+0.01 K day™"). Overall, HRg:c
accounted for 13.74+0.2% of the total HR.

The variability of total HRsc and HRs:c as a function of cloudiness is reported in Figure 15a, with panels b-d

showing their direct (HRpcgir and HRsrc dir), diffuse (HRsc.gir and HRarc air) and reflected (HRBcrer and HRBrc rer)

components. Figure 15a shows that both HRsc and HRg:c decreased with increasing cloudiness, going from the

CS maxima (HRsc and HRB:c: 1.1440.03 and 0.20+0.01 K day™) to the completely overcast conditions (oktas=8)

minima of 0.16+0.01 and 0.02+1073 K day”' (mainly due to St and As clouds; see Figure 7b). As shown in Figures

9a, the change of irradiance magnitude with cloudiness was different for direct, diffuse and reflected components

affecting the corresponding direct, diffuse and reflected components of HRsc and of HRgrc (Figure 15b-d). HRBc dir
and HRs:c.qir (Figure 15b) decreased as a function of cloudiness from 0.74+0.03 and 0.1120.01 K day™' (oktas=0)

to negligible levels (HR<10* K day’") in completely overcast conditions. HRsc.dir and HRgrcgir (Figure 15¢)

increased with cloudiness, reaching their maximum in partially cloudy conditions (at oktas=6, 0.51+0.01 and

0.0940.01 K day™"). Further increasing cloudiness reduced their values to minimum values (0.13+0.01 and

0.0240.01 K day™"). HRpcrer and HRprcrer (Figure 15d) behave similarly to the total HRsc and HRgec, since the

reflected irradiance is dominated by the global irradiance impinging on the ground (see Figure 9b for a

comparison); HRecrer and HRarcrer decreased with increasing oktas from maximum values in clear sky (HRBc rer

and HRercrer: 0.1744*1073 and 0.03+1*1073 K day™") down to overcast minimum (HRsc rer and HRprc rer 0.02+1073

and 3*10°+107 K day™"). Figure 15a-d also shows that HRsc was always greater (in absolute values) than HRg:c,

as expected. The relative decrease of HRerc from CS to complete overcast conditions was 12+6% larger with

respect to that of HRec. At a first glance, Figure 15a-d could give the impression that BrC is more efficient in

heating the surrounding atmosphere (with respect to BC) in CS conditions. However, any change of both BC and

BrC bas(2) in different sky conditions has to be taken into account to avoid any misinterpretation of the results.

While the variability of BC bas(4) with cloudiness was limited (Figure S8a), this was not the case for BrC. In fact,

babsp) BrC values in high cloudiness were statistically lower than the ones in CS (at oktas=8, bassz) of BrC was -

23+3% lower than in CS, Figure S8b). The relative decrease of the HRprc with cloudiness was therefore higher

compared to that of HRgsc. Understanding of the reason behind the observation of higher buss(4) values for BrC in
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CS is beyond the aim of the present paper (we can speculate it could be related to the formation of secondary BrC

at high radiation levels, e.g., Kumar et al., 2018).

Here we focus on the fact that the magnitude of bussey of BC and BrC changed differently with cloudiness. Thus,

in order to decouple the variability of the HR induced by the varying incoming irradiance from that due to changes

in_bass(A), both HRec _and HRprc were normalized to the dimensionless integral of the bass(A) over the whole

aethalometer spectrum. In this way, the magnitude of buss(4) is accounted for along the whole spectrum avoiding

the choice of an arbitrary wavelength as a reference for the normalization. Similarly to section 3.2.2 for the total

of LAA HR, the variability of the normalized HRec and HRgs:.c was investigated with respect to cloudiness and

cloud type. Figure 16a shows the decrease of normalized HRsc and HRg:c as a function of average cloudiness for

each cloud type. We found a strong linear relationship between the decrease of both normalized HRsc and HRgic

(relative to CS) and the mean cloudiness (in okta) for each cloud type. Focusing on the cloud type, Ci were found

to produce a statistically negligible impact on cloudiness (0.50+0.05 oktas) decreasing the HRsc and HRp:c by ~1-
6%, respectively. Cu (1.7640.09 oktas) decreased the HRpc and HRg:c by -31412% and -26+7%, respectively. Cc-
Cc featured oktas of 3.56+0.14, and were responsible for a -60+8% and -54+4% decrease of the HRpc and HRs:c.
Their impact was comparable to that of Ac (4.11+0.18 oktas): -60+6% and -464+4% decrease of the HRpc and
HRBrc. Sc (4.68+0.10 oktas) had a higher impact, decreasing HRsc and HRp:c of -63+6% and -58+4%. The highest
impact was given by As (6.57+0.15 oktas; -78+5% and -73+4% of HRsc and HRgrc) and by St (oktas: 7.19+0.04)

suppressing the HRsc and HRBrc by -854+5% and -83+3%. respectively.

Overall, the derived linear regressions indicate a decrease of ~12% per oktas for both HRsc and HRgrc (with high

R?%: 0.958 and 0.963. respectively). In details, the respective decreases of HRac and HRe.c were -11.8+1.2% and -

12.6+1.4% per okta, these values not being statistically different. We show that, while BC and BrC have different

optical properties and wavelength dependence of absorption, their HR normalized to absorption, changed without

any statistical difference as a function of cloudiness and cloud type. This simplifies the models and reduces the

number of details needed to be considered: once HRsc and HRg:c are determined in clear sky conditions, their

dependence on the cloudiness can be determined from the simple reduction of the HR normalized to the absorption

coefficient (about 12% for both species, once dominant cloud type is known).

However, it noteworthy that normalized HRsrc values in Figure 16 were always greater or equal to the

corresponding ones of BC (even if 95% confidence interval bands overlapped). A possible explanation can be the

synergic effect between the different spectral absorption of BC and BrC and the influence of clouds on the energy

of the impinging radiation; this is detailed in the Supplement (section: The role of average photon energy on the

HR of BC and BrC). This feature needs further investigation in other seasons and elsewhere the world where the

prevailing clouds type and the light absorption by BrC might be different.
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Summary and c€Eonclusions

The heating rates (HR) associated to the two major LAA species, i.e., Black Carbon (BC) and Brown Carbon

(BrC) (HRec and HReic) were experimentally determined based onat high time resolution (5-minutes)-radiation
and aerosol measurements in the Po Valley. The total HR was firstly and—further-examined in relation to sky

conditions to determine the impact of cloud-aerosol-radiation interactions on the atmospheric heating. Results

showed a constant decrease of LAA HR with increasing cloudiness of the atmosphere. Our real-atmosphere, all-

sky, measurement-based results suggest that using a simplified assumption of clear sky in radiative transfer

calculations might produce HR overestimated by overFrom-the-obtained results;the-error-(in-%)-associated-to HR

types on the HR was also investigated. While cirrus were characterized by a modest impact cumulus, cirrocumulus-
cirrostratus and Altocumulus: suppressed the HR of both BC and BrC by a factor of ~2. Stratocumulus, altostratus
stratus suppressed the HRsc and HRs:c up to 80%. The cloudiness also changed the diurnal pattern of HR with

possible feedbacks on planetary boundary layer dynamics and/or regional circulation systems.

affeet-theirratio-Total HR, HRgc and HRe:ic are affected by both cloudiness and cloud type so that inaccurate

HRsc and HRarc estimations can be derived from simulations if presence of clouds is ignored and cloud type is

not taken into account. Most important, the coupling between the cloud impact on the solar radiation spectrum

(and its direct, diffuse and reflected components) and the spectral absorption properties of BC and BrC showed
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that the absolute HRec and HRs:c vary differently with cloudiness (especially the diffuse component), but feature

a very similar normalized (to the absorption coefficient) dependence on the cloudiness. This simplifies the models

and reduces the number of details that need to be considered: once HRsc and HRe:rc are determined in clear sky

conditions, their dependence on the cloudiness can be determined from the simple reduction of the HR normalized

to the absorption coefficient (about 12% for both species) and the respective absorption coefficients. These data

acquire importance when discussed in the context of the counterintuitive semi-direct effect proposed by Perlwitz

and Miller (2010): the atmospheric heating induced by tropospheric absorbing aerosol could lead to a cloud cover

increase stressing the needs for a proper determination and simulation of sky conditions during radiative transfer

calculations.
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Appendix A: Nomenclature

Nomenclature

Aerosol Acronyms

AAE Absorption Angstrom Exponent

AAEgc Absorption Angstrom Exponent of Black Carbon
AAEgc Absorption Angstrom Exponent of Brown Carbon
ADRE Absorptive Direct Raditive Effect

babsi wavelength dependent aerosol absorption coefficient
BC Black Carbon
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BrC
eBC
LAA
HR
HRpc
HRsic

Cloud/Sky Acronyms
As

Ac

Ci

Ce-Cs

Cu

CS

St

Sc

CBH

N
R

SD
SZA

Brown Carbon
equivalent Black Carbon concentration
Light Absorbing Aerosol

Heating Rate
Heating Rate of Black Carbon

Heating Rate of Brown Carbon

Altostratus
AltoCumulus
Cirrus

Cirrocumulus-Cirrostratus

Cumulus

Clear Sky

Stratus

Stratocumulus

Cloud Base Height (km)

numer of oktas (0-8)

ratio (R) between observed global irradiance (Fglo) and the modelled
clear sky irradiance (GHI)

standard deviation of the measured Foi, in 20 minute time intervals

Solar Zenith Angle

Other Symbols/Acronyms

I © >

(]

Azimuth angle
photon flux density at wavelength A

Wavelength

Air Density

angle of the impinging radiation

empirical coefficient from Ehnberg and Bollen (2005); Table S1

empirical coefficient from Ehnberg and Bollen (2005); Table S1

empirical coefficient from Ehnberg and Bollen (2005); Table S1

empirical coefficient from Ehnberg and Bollen (2005); Table S1

Average Photon Energy

Average Photon Energy for diffuse radiation

Average Photon Energy for direct radiation

Average Photon Energy for reflected radiation

speed of light (m s™)
Isobaric specific heat of dry air (1005 J kg”! K1
diffuse

direct
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1175

1]180

1]185

1]190

1]195

1200

Foto Global Irradiance; Fewo= Fair + Faif

L 8l

Fuy Diffuse Irradiance

Fuir Direct Irradiance

Frof Reflected Irradiance

Fair.difrefr) Spectral irradiance in function of A

h Plank constant (J s)

ref reflected

L empirical coefficient from Ehnberg and Bollen (2005); Table S1
q Electron charge

R(A,6.¢) Radiance at wavelength A from zenith and azimuth angles 6 and ¢

Appendix B: Cloud type validation

The validation was conducted in two subsequent steps. In the first step the automatized cloud classification (based

on Duchon and O’Malley, 1999 including lidar cloud base height) was compared to the visual cloud classification

based on sky images collected during 1 month of field campaign.

The second validation step involved the recently published method discussed by Ylivinkka et al. (2020) which is

based on the same methodological approach used in this study: the application of Duchon and O’Malley (1999)

classification improved by the knowledge of the CBH. Thus, the aim of the second step was to determine the

degree of consistency between the two approaches that were developed simultaneously and independently in two

different regions of the globe.

Both the two validations were evaluated by means of a confusion matrix, a special kind of contingency table, with

two dimensions and identical sets of "classes" in both of them. From the confusion matrix the balanced accuracy

was computed as follows:

Sensitivity+Specificity
2

Balanced Accuracy = (B1)

where the Sensitivity describes the true positive rate (the number of correct positive predictions divided by the total

number of positives) and the Specificity describes the true negative rate (the number of correct negative predictions

divided by the total number of negatives). The balanced accuracy is especially useful when the investigated classes

are imbalanced, i.e. one of the classes appears a lot more often than the other, a condition useful for cloud

classification (Garcia et al., 2009).

Appendix Bl: visual cloud classification

Sky images were collected during 1 month (13 February — 9 March 2017) using a sky view camera (GoPro Hero4

Session installed on the U9 roof) characterized by a field of view of 95x123°; the camera was oriented south each

day manually with the same declination of the shadow band applied to DPA154 global radiometer for diffuse

broadband irradiance measurements (section 2.1.2); sky images were taken with 1 minute time resolution. Visual

classification of sky images, based on the principles of cloud classification published in Cloud Atlas (WMO).

Figure B1 reports an example of SD-R diagram (section 2.3.2) with CBH for each sky/cloud conditions with the

corresponding image.
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Figure Bl. SD-R diagram (left panel) and the corresponding sky images for the February-March 2017 field

campaign: a) CS case, b) Ci clouds case, ¢) Cu clouds case, d) Ac clouds case, €) Sc clouds case, f) As clouds case

and g) St clouds case.

To test the performance, 869 sky images were analyzed, and the cloud type was determined through visual

inspection. From the visual classification and the automatized one (Table 1) the following confusion matrix (Table

B1) was created. The highest balanced accuracy was found for St data (9495%) while the lowest (50%) for mixed

cloud types (Cc-Cs) whose absolute number of cases, however, was ~0.6% of the total, probably biasing the

obtained accuracy; the same happened for Cu and Ac. Overall, five classes over eight were above 68% of balanced

accuracy while the overall balanced accuracy was 80%, underlying the reliability of the classification algorithm

allowing to study the impact of clouds on LAA HR with a sufficient grade of certainty.

Table B1l. Confusion matrix and balanced accuracy for each cloud type classified visually and following the

algorithm reported in Table 1 within the present work.

Appendix B2: intercomparison with Ylivinkka et al. (2020)

The second validation step involved the recently published method discussed by Ylivinkka et al. (2020), which_is

based on the same logical approach followed in our work: the application of Duchon and O’Malley (1999)

classification improved by the knowledge of the CBH. At this purpose, the classification scheme of Ylivinkka et

al. (2020) is resumed in Table B2 following the nomenclature used in the present work. It is necessary to underline

that the cloud classes determined in the work Ylivinkka et al. (2020) differ from those reported in the present work.

Particularly, while both approaches enabled the Cu, St, Sc_classification, some of the cloud classes were merged
in the_Ylivinkka et al. (2020) study: CS and Ci (CS+Ci), Ac_and As (ActAs) and mixed situation composed by
Ci, Cc, Cs (Ci+Cc+Cs). In addition they introduced the classes Cut+GRE and Ci+GRE to account for global

radiation enhancement (GRE) due to this cloud types; a possible explanation for such difference with respect to

present work could be hidden in the different latitude at which the two algorithms were developed, a parameter

able to affect the solar zenith angle and the sun light interaction with clouds. A detailed investigation_of this

difference is beyond the aim of the present work. However, it is necessary to account for the classification

differences in order to properly merge cloud classes with similar features to finally perform a comparison between

the two methods. The cloud classes homogenization is summarized in Table B3 while the final intercomparison is

reported in Table B4. The confusion matrix (Table B4) revealed a global balanced accuracy of 90% making the

two methods comparable, despite the aforementioned differences. The highest accuracy (100%) was obtained for

CS followed by_ActAs (99%); Cu, St and Sc reached values of 94, 93_and 86%. respectively. The lowest

performance was reached for Ns whose presence cannot be detected in the present study generating a false positive

signal in the ActAs class; however, due to the very low number of Ns cases (1.8%), its impact on the cloud

classification can be neglected. Overall, also_the second validation step pointed out_the reliability of the results

obtained in the present work.
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N of cloud

Cloud t CBH R SD (W/m2
oud type (m) (W/m2)
< 2000 06-085& 00 1
Rmax>1
Cu
>0.85 &
< 2000 0- 200 1
Rmax>1
St < 2000 <06 <100 1
Sc <2000 0.1-06 >= 100 1
Ns 2000 - 3000 < 0.3 <100 1
Ac+As 2000 - 5000 >=0.3 <500 1
) >=4000  0.85-1.1 50 - 400 1
Ci+Cc+Cs
>=4000  0.5-0.85 <400 1
CS+Gi NaN 0.85-1.05 <50 1
> >
Cu+GRE <2000 . 1&Rmax> 00 1
Ci+GRE >=4000 >1 <400 1

Table B2. Final criteria adopted for cloud classification in Ylivinkka et al. (2020). Ns here represents Nimbostratus

while GRE global enhancement radiation.

Ci
This stud c st s / Ac, A cs
IS stuay u C C, AS Co-Cs
Ylivinkka et al. Cu Ci+Cc+Cs
’ ’ N Ac+A +Ci
2020 Cu+GRE St Se s crAs civgre ~ C°S*CI
Merg;‘:)g"’”d st Sc Ns ActAs  Ci+Cc+Cs  CS+Ci

Table B3. Cloud classes homogenization adopted for comparison purposes between the present study cloud

classification and the one reported in Ylivinkka et al. (2020).

Cloud type classification Ylivinkka et al. (2020) Balanced
Cu St Sc Ns Ac+As Ci+Cc+Cs CS+Ci accuracy

Cu 80 94%

o St 3853 58 1 93%

= Sc 11 596 231 86%

@ INs 0 50%

E ActAs 153 383 51 99%
Ci+Cc+Cs 846 97%

CS+Ci 2142 100%

Table B4. Confusion matrix and balanced accuracy for each cloud type classified using the algorithm reported in

the present study and the one reported in Ylivinkka et al. (2020).
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Level Cloud type SD R cloud layer

Stratus (St) <120 0.0-04 1

Low (<2 km) Cumulus (Cu) / 0.8-1.1 1
Stratocumulus (SctCu) / 0.4-0.8 1

Middle (2-7 Altostratus (AstSt) <120 0.0-0.4 1
km) Altocumulus (AciC) >120 0.4-0.8 1
Cirrus (Ci) / 0.8-1.1 1

iah (> . . .

High (>7 km) gggcumulus—0|rrostratus (Co-CsiCu- 0.0-0.8 1
Clear Sky (CS) / / 0

Table 1. Final criteria adopted for cloud classification. SD represents the standard deviation of the measured global
irradiance with respect to the theoretical behaviour in clear sky conditions; R represents the ratio between observed
global irradiance (Fgi) and the modelled irradiance (Fgio_cs) in clear sky conditions; cloud layer: is the number of

cloud layers detected by the lidar.

Month Metric T P eBC* babs* ADRE ADREdr ADREdir ADRE: e HR HRuir HRuait HRret Fglo Fair Fait Fret
°C hPa ngm? Mm?' mWm?® mWm® mWm® mWm?® Kday' Kday’ K day™ Kday!' Wm?2 Wm? Wm? W m?

Nov-15  mean 12.8 1003.8 4288 212 18.42 10.17 5.62 2.64 1.30 0.72 0.40 0.19 200 131 69 51
Cl195% 0.2 0.3 96 0.5 0.61 0.44 0.18 0.08 0.04 0.03 0.01 0.01 5 1 5 1
Dec-15  mean 84 10128 6289 311 20.70 9.29 8.64 277 1.43 0.64 0.59 0.19 141 66 75 34
Cl195% 0.1 0.1 97 0.5 0.68 0.48 0.24 0.08 0.05 0.03 0.02 0.01 4 2 3 1
Jan-16 mean 72 9974 4198 20.8 12.57 5.53 5.26 1.79 0.87 0.38 0.36 0.12 150 85 65 36
Cl195% 0.2 0.4 106 0.5 0.55 0.36 0.23 0.07 0.04 0.02 0.02 0.01 5 2 5 1
Feb-16 mean 92 9955 2851 14.1 8.62 3.50 3.81 1.31 0.61 0.25 0.27 0.09 191 104 87 46
C195% 0.1 0.3 74 0.4 0.35 0.23 0.14 0.05 0.02 0.02 0.01 0.00 6 3 6 2
Mar-16 mean 126 996.2 1535 7.6 7.58 2.96 3.28 1.34 0.54 0.21 0.23 0.10 310 174 136 7
C195% 0.1 0.2 36 0.2 0.22 0.14 0.08 0.04 0.02 0.01 0.01 0.00 7 3 7 2

Table 2. Monthly averaged data and confidence interval at 95% of temperature (T), pressure (P), equivalent black
carbon (eBC), absorption coefficient (babs), absorptive direct radiative effect (ADRE) together with the heating
rate (HR) divided into their direct (dir), diffuse (dif) and reflected (ref) components and, finally, global (Fgo),

direct (Fair), diffuse (Fair) and reflected (Fref) irradiances. * denotes Acthalometer data referred to A=880 nm.
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