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ADRE and HR in function of radiation
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The! ADRE! represents! the! radiative! forcing! due! to! aerosol! absorption! of! solar! radiation! for! unit!

volume!of!the!atmosphere,!measured!in!W/m3,!but!another!illustration!of!the!meaning!of!ADRE!is!

that!it!is!the!vertical!derivative!of!the!DRE.!!
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The!total!ADRE!is:!

b!oM[É[(t,ä) = 2b!oMaáà(t,ä) + b!oMaáçç(t,ä) + b!oMàrç(t,ä)!
!

If!we!consider!τ!as!defined!in!previous!equation!!
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Combining!yrÅ[!with! 1 − ; ,!we!obtain:!

1 − ; XrÅ[ = 2Xlmn2!
Substituting!the!previous!term!in!ADRE!Equations,!follows!up:!
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As!before,!total!ADRE!is!computed!as!the!sum!of!the!b!oMaáà,!b!oMaáçç!and!b!oMàrç.!
Remembering!that!previous!calculation!were!done!under!the!hypothesis!of!a!monochromatic!light!

and!with!a!fixed!zenithal!angle! 5 ,!in!order!to!obtain!total!ADRE!for!all!the!light!spectrum!and!for!

the!total!hemisphere,!we!can!integrate!the!ADRE!computed!before:!
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Total!ADRE!is!the!sum!of!the!three!components:!

b!oM[É[ = 2b!oMaáà + b!oMaáçç + b!oMàrç!

In!addition,!for!the!energy!conservation!principle,!all!the!absorbed!energy!heats!the!atmospheric!

layer.! In! this! way! ADRE! can! be! directly! linked! to! the! atmospheric! Heating! Rate! (HR).! The!

instantaneous!HR!is!given!by!the!formula:!
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In!the!previous!equation!îh
î[
!is!the!instantaneous!atmospheric!Heating!Rate,!measured!in!K/day!for!

each!atmospheric!layer,!ê!is!the!gravitational!acceleration,!`ë!is!the!isobaric!specific!heat!of!dry!air!

and!∆ì!is!the!pressure!difference!between!the!top!and!the!bottom!of!each!atmospheric!layer.!

If! we! introduce! the! hydrostatic! equation,! it! is! possible! to! linearly! relate! HR!with! ADRE! in! each!

atmospheric!layer:!!
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2.5! High+temporal+resolution+analysis+

During!U9;site!sampling,!from!March!to!October,!are!recorded!numerous!environmental!data.!All!

used!equipment!is!kept!operative!in!a!continuous!manner!and!it! is!synchronized!with!the!others!

instrumentation!in!order!to!obtain!simultaneous!data!with!temporal!resolution!of!five!minutes.!In!

this!manner,!a!high;resolution!database!with!all! the!essential!parameters! is!created.!This!allows!

obtaining!an!archive!with!high!temporal!resolution!of!all!the!parameters!in!question.!
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𝐴𝐷𝑅𝐸𝑟𝑒𝑓ሺఒ,ఏሻ ൌ  ∫ ∫ 𝐴𝐷𝑅𝐸𝑟𝑒𝑓ሺఒ,ఏሻ𝑑𝜆ఒ 𝑑𝜃ఏ                                                                           (2.33) 

Total ADRE is the sum of the three components: 

𝐴𝐷𝑅𝐸௧𝑜௧ሺఒ,ఏሻ ൌ  𝐴𝐷𝑅𝐸𝑑𝑖𝑟ሺఒ,ఏሻ ൅ 𝐴𝐷𝑅𝐸𝑑𝑖𝑓𝑓ሺఒ,ఏሻ ൅ 𝐴𝐷𝑅𝐸𝑟𝑒𝑓ሺఒ,ఏሻ                                   (2.34) 

At this point, as puntualize previously, ADRE can be directly linked to the atmospheric 

Heating Rate (HR). The instantaneous HR is given by the equation2.6.  

 

2.2 High temporal resolution analysis 
During U9-site sampling, from March to October, are recorded numerous environmental 

data. All used equipment is kept operative in a continuous manner and it is synchronized 

with the others instrumentation in order to obtain simultaneous data with temporal 

resolution of five minutes. In this manner, a high-resolution database with all the essential 

parameters is created. This allows obtaining an archive with high temporal resolution of 

all the parameters in question. 

At this point it is interesting elaborated the data in reference to the monthly averaged 

days; now let's see what it is. As previously said each instrument, for each day, collects 

data every five minutes, so we have 288 time intervals per day (from 00:00 to 00:05, from 

00:05 to 00:10 and so on for all day).  

 

 

 

 

 

 

 

We have averaged, for each instrument, data belonging to the same time interval for all 

the month. In this way, we have obtained the average monthly days for each month and 

Figure3.2: MATLAB for-cycle used to create the matrix usefull for monthly average 
days trend 
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concentrations of LAA routinely measured in monitoring
networks. Below the rigorous methodology used for the
experimental determination of the ADRE is reported.
Let us consider a near-surface atmospheric layer (but can be

applied to any atmospheric layer; see section 4 for further
details) of thickness Δz on which an nth kind (direct, diffuse, or
reflected) of monochromatic radiation ray Fn(λ,θ) of wavelength
λ strikes with a zenith angle θ (Figure S1a, Supporting
Information). The amount of radiation absorbed by the aerosol
within the present layer is as follows:9,38

ωΔ = − −λ θ λ θ λ
τ μ− λFDRE (1 )(1 e )n n( , ) ( , )

/
(6)

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

ω = +λ
λ

λ λ

b
b b

sca( )

sca( ) abs( ) (7)

∫τ =λ λ
Δ

b zd
z

0
ext( ) (8)

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

ω τ μΔ = −λ θ λ θ λ λFDRE (1 )n n( , ) ( , ) (9)

In the present form, ΔDREn(λ,θ) is not yet useful because it is a
columnar quantity which again depends on τλ that is integrated
along the vertical direction. In fact, in literature the aerosol
absorption in the atmosphere is usually reported in watts per
squared meter over altitude thick layer of the atmosphere and/
or over the whole atmospheric column.2,8,23,39,40

Considering again an atmospheric layer thin enough so that
τλ ≪ 1, it is also possible to assume Fn(λ,θ) ≈ const and ωλ ≈
const through the whole Δz (assumptions discussed in the
Supporting Information); thus, recalling the ADRE definition
(ADRE = dDRE/dz) and combining eq 9 with eqs 7 and 8, it is
possible now to write

ω
μ

τ

μ

= = −

=

λ θ
λ θ

λ θ
λ λ

λ θ
λ

z
F

z
F

b

ADRE
dDRE

d
(1 ) d

dn
n

n

n

( , )
( , )

( , )

( , )
abs( )

(10)

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

∫ ∫ μ λ θ=
θ λ

λ θ
λ

F
bADRE d dn

n( , )
abs( )

(11)

The shortwave radiation that can cross the atmospheric layer
reported in Figure S1a can be divided in three components,
namely: the solar direct radiation (Fdir(λ,θ)); the diffuse radiation
from scattering on gases, aerosol, and clouds in the sky
(Fdif(λ,θ)); and the radiation reflected backward from the ground
(Fref(λ,θ)). They are summarized in Figure S1b.
Equation 11 can be solved for all the three components

allowing to determine both the total ADRE and its components
(ADREdir, ADREdif, and ADREref) as follows:

= + +ADRE ADRE ADRE ADREdir dif ref (12)

Using eq 5, the same is valid for HR:

= + +HR HR HR HRdir dif ref (13)

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

∫ ∫∑ρ μ λ θ=
θ λ

λ θ
λ

=C
F

bHR 1 d d
p n

n

1

3
( , )

abs( )
(14)

where n is the nth kind (direct or diffuse or reflected) of
radiation.
The aforementioned eqs 5 and 10−14 were tested using

ADRE and HR results reported at ground-level (in several
locations in Italy) in the work of Ferrero et al.6 The ADRE and
the HR were recalculated (at ground level and at the same time
and location) applying the new method to the same input data
present in the work of Ferrero et al.6 The obtained results
(Figure S2) were characterized by an excellent correlation (R2 =
1.003; slope = 0.999) with a RMSE of 1.00 mW m−3 for ADRE
and 0.09 K day−1 for HR (1.2% of error on data reported in
Figure S2) allowing the demonstration of the consistency and
reliability of the novel methodology.
It is worth noting that eqs 12 and 13 offer the unique

opportunity to separately investigate the interaction between
LAA and radiation properties (i.e., diffuse radiation by clouds)
on the atmospheric HR. Moreover, considering eqs 11−14, as
the spectral signature of babs(λ) depends on the different type
and sources of LAA, the present method has the potential for a
source apportionment of HR.
Particularly, BC aerosols absorb radiation with an absorption

angstrom exponent (AAE) of ≈1.41,42 BrC is characterized by
negligible absorption in the infrared while it increase toward
UV.5,41,42 AAEBrC can vary greatly in the literature: 3.5,

43 3.95,41

6.6,18 and 9.044 are commonly reported values. Finally, also
dust absorption increases steeply toward short wavelengths.17

Thus, it is possible to apportion the measured babs(λ) with
respect to aerosol species (BC, BrC, dust) and with respect to
sources like fossil fuel (FF, AAEFF ≈ 1) and biomass burning
(BB, AAEBB ≈ 1.8) on the basis of the spectral signature of each
component. The basic system, on which the apportionment can
be performed, consists of three equations:42

λ
λ

λ
λ=

−⎛
⎝⎜

⎞
⎠⎟

b
b

( )
( )

abs 1 A

abs 2 A

1

2
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(15)

λ
λ

λ
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−⎛
⎝⎜

⎞
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b ( )
b ( )

abs 1 B

abs 2 B

1

2

AAEB

(16)

λ λ λ= +b ( ) b ( ) b ( )abs abs A abs B (17)

where λ1 and λ2 are two different wavelengths and A and B two
different LAA species (BC, BrC, or dust) or sources (i.e., FF,
BB).17,18,41,42,45 With few iterations, it is possible to obtain
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menzionare in modo esplicito quale attività è stata svolta col contributo dell¶infrastruttura 

GEMMA. 

 

Articolo 3 - Sede e attrezzature 

 

3.1  GEMMA ha sede presso il DISAT e potrà utilizzare infrastrutture e attrezzature del 

Dipartimento ospitante, nonché di altri Dipartimenti e Centri di Ricerca interdipartimentali. 

 

3.2. Come previsto dagli Articoli 3b e 3c del "Regolamento per l'istituzione e il 

funzionamento dei centri di ricerca dell'Università degli Studi di Milano-Bicocca", 

emanato con D.R. n. 7579 del 12.6.2017 ed entrato in vigore in data 1.9.2017, GEMMA 

potrà avere sedi operative anche all'esterno dell¶Università in locali e strutture idonee 

messe a disposizione da uno o più finanziatori sulla base di specifiche convenzioni. 

 

3.3. Salvo quanto previsto all¶Articolo 8 dello stesso D.R. n. 7579 del 12.6.2017, si 

disporrà, d¶intesa con il Direttore del DISAT, l¶assegna]ione a GEMMA di personale 

tecnico e amministrativo necessario allo svolgimento dei programmi di ricerca.  

 

Articolo 4 - Scopo 

 

4.1.  GEMMA si propone di promuovere e supportare la ricerca multidisciplinare 

nell¶ambito delle Scienze della Terra e dell¶Ambiente, e di rafforzare le sinergie tra 

aree di ricerca del DISAT impegnate nello studio del cambiamento climatico con 

diversi approcci e a diverse scale di indagine. GEMMA è una infrastruttura per il 

monitoraggio di parametri geologico-ambientali in grado di operare a diverse scale di 

indagine con studi di base e di laboratorio e attraYerso l¶acqXisi]ione di immagini e 

dati con diversi sensori equipaggiati su differenti piattaforme aviotrasportate, terrestri, 

e subacquee anche in forma integrata. 

Le attività di GEMMA potranno estendersi a tutte le discipline comprese nei settori 

European Research Council PE_10 (Earth system science: physical geography, geology, 

geophysics, meteorology, oceanography, climatology, ecology, global environmental 

29 August 2019, EAC201926 May 2022, EGU2022
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Cloud classification

L. Ferrero et al.: The impact of cloudiness and cloud type on the atmospheric heating rate 4879

Table 1. Final criteria adopted for cloud classification. SD represents the SD of the measured global irradiance with respect to the theoretical
behaviour in clear-sky conditions; R represents the ratio between observed global irradiance (Fglo) and the modelled irradiance (Fglo_CS) in
clear-sky conditions; and finally the cloud layer is the number of cloud layers detected by the lidar.

Level Cloud type SD R Cloud layer

Low (< 2 km) Stratus (St) < 120 0.0–0.4 1
Cumulus (Cu) / 0.8–1.1 1
Stratocumulus (Sc) / 0.4–0.8 1

Middle (2–7 km) Altostratus (As) < 120 0.0–0.4 1
Altocumulus (Ac) > 120 0.4–0.8 1

High (> 7 km) Cirrus (Ci) / 0.8–1.1 1
Cirrocumulus–cirrostratus (Cc–Cs) / 0.0–0.8 1

Clear-sky (CS) conditions / / 0

Figure 4. Cloud classification based on the improved broadband so-
lar radiation following Duchon and O’Malley (1999) and Harrison
et al. (2008) coupled with lidar data of cloud base height. From left
to right: stratus (St), altostratus (As), stratocumulus (Sc), altocu-
mulus (Ac), cirrocumulus and cirrostratus (Cc–Cs), cumulus (Cu),
cirrus (Ci), and finally clear-sky (CS) conditions. The SD–R plot
reports in grey the single data of the whole dataset, while centroids
and the 99 % confidence interval of each cloud type are plotted in a
colour scale related to the cloud base level.

We wanted to avoid conditions with multiple-layer clouds, as
this would result in confounding information for the purpose
of the present study.

Figure 4 shows the SD–R diagram of all data (grey) with
superimposed R and SD mean values and a 99 % confi-
dence interval for each of the eight identified cloud classes,
plus clear-sky (CS) conditions. The final cloud classification
was obtained for the period from November 2015 to March
2016, during which all necessary parameters were available
(Sect. 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 valida-
tion”). It includes two validation exercises: the first was car-
ried out comparing the present automatized cloud classifica-

tion with a visual cloud classification based on sky images
collected during 1 month of the wintertime field campaign;
the second was carried out comparing the present automa-
tized cloud classification with the one discussed by Ylivinkka
et al. (2020). In fact, simultaneously to the submission of our
work, Ylivinkka et al. (2020) proposed a classification based
on the coupling of irradiance and CBH measurements. Over-
all, based on these comparisons, agreement with our classi-
fication is 80 % with the visual approach and 90 % with the
Ylivinkka et al. (2020) methodology, with these results fur-
ther demonstrating the reliability of the cloud classification
algorithm used in our study.

3 Results and discussion

Data measured over Milan from November 2015 to March
2016 are presented in Sect. 3.1, with this period covering the
simultaneous presence of radiation, lidar–ceilometer and ab-
sorption information necessary for the analysis. The role of
cloudiness and cloud type on the total HR is discussed in
Sect. 3.2; the impact of clouds on the HR is discussed with
respect to the light-absorbing aerosol species, BC and BrC,
in Sect. 3.3. All data are reported as the mean ± 95 % confi-
dence interval.

3.1 eBC, irradiance, HR and cloud data presentation

Highly time-resolved data (5 min) of eBC, Fglo, CBH,
cloudiness (oktas) and the resulting HR are shown in Fig. 5;
their monthly average values are presented in Fig. 6a and
summarized in Table 2.

The lower eBC and babs (880 nm) values (monthly av-
erages of 1.54 ± 0.04 µg m�3 and 7.6 ± 0.2 Mm�1) were
recorded in March, while their higher values were found
in December (6.29 ± 0.09 µgm�3 and 31.1 ± 0.5 Mm�1,
respectively) with a maximum value of 27.44 µgm�3

(135.7 Mm�1). In December, the average PM10 and
PM2.5 were also at their maximum, with 73.1 ± 0.6 and
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Figure 12. Average values of the total HR, HRdir, HRdif and HRref
as a function of the cloud type.

Figure 13. Percentage decrease of the HR with respect to clear-sky
conditions as a function of the cloudiness (oktas) averaged for each
cloud type.

transfer calculations and HR determination, to take into ac-
count the role of each cloud type. Only the cloud influence
on the HRdif/eBC is markedly different from the other com-
ponents.

In terms of absolute values (not normalized for eBC),
Fig. 12 reveals that the HRdir was only dominant dur-
ing periods of CS and Ci clouds (HRdir of 1.11 ± 0.04
and 0.92 ± 0.05 K d�1, respectively), explaining 66 ± 3 %
and 57 ± 4 % of the total atmospheric HR. In the cases of
other clouds (St, As and Sc) HRdif dominates, reaching the
highest absolute contribution of 84.4 ± 3.8 %, 83.0 ± 10.7 %
and 76 ± 4 % (HRdif of 0.25 ± 0.01, 0.34 ± 0.03 and
0.66 ± 0.02 Kd�1), respectively.

Given this impact of cloud type, the ability of cloudiness to
be a good predictor for the HR (as detailed in Sect. 3.2.1), and
the relationship (over the investigated site) between cloudi-
ness and cloud type (Sect. 3.1, Fig. 7b), the synergic im-
pact of cloudiness and cloud type on the HR was inves-
tigated and presented in Fig. 13. In the figure, we sum-
marize the HR results in terms of percent difference from
the clear-sky (CS) case by averaging the cloudiness (in ok-
tas) for each cloud type (as detected in Sect. 3.3). Over-
all, the derived linear regression indicates an HR decrease

Figure 14. Monthly averaged data for the HR of both BC and BrC.

of �11.9 ± 1.2 % per okta. The regression R2 (0.963) was
slightly higher than that reported in Fig. S5b (R2 = 0.935;
relationship with the cloudiness only) suggesting the need
(for precise calculations) to account for the cloud types re-
sponsible for any sky coverage in agreement with a recent
work of Bartoszek et al. (2020). Figure 13 also allowed us
to associate the HR decrease with each specific cloud type
over Milan. Particularly, Ci clouds produced a modest im-
pact on cloudiness (0.50 ± 0.05 oktas), decreasing the HR
by ⇠ 3 %, while Cu clouds (1.76 ± 0.09 oktas) decreased the
HR by �26 ± 8 %. Cc–Cs clouds (3.56 ± 0.14 oktas) were
responsible for a �49 ± 6 % decrease of the HR. Their im-
pact was comparable to that of Sc clouds (4.68 ± 0.10 oktas,
�48 ± 4 % of the HR). Ac clouds (4.11 ± 0.18 oktas) had a
higher impact, decreasing the HR by �59 ± 6 %. The highest
impact was due to As (6.57 ± 0.15 oktas; �76 ± 4 % of the
HR) and by St (7.19 ± 0.04 oktas) that suppressed the HR by
a factor of �83 ± 4 %.

3.3 The impact of clouds on the 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 Sect. 2.1.1). The monthly averaged values of
the HR of BC and BrC (HRBC and HRBrC) are reported in
Fig. 14. The highest HRBC and HRBrC values were recorded
in December (1.24 ± 0.03 K d�1 and 0.19 ± 0.01 Kd�1),
while the lowest were recorded in March (0.46 ± 0.01 Kd�1

and 0.07 ± 0.01 Kd�1). Overall, the HRBrC accounted for
13.7 ± 0.2 % of the total HR.

The variability of the total HRBC and HRBrC as a func-
tion of cloudiness is reported in Fig. 15a, with panels
b–d showing their direct (HRBC,dir and HRBrC,dir), dif-
fuse (HRBC,dif and HRBrC,dif) and reflected (HRBC,ref and
HRBrC,ref) components. Figure 15a shows that both the
HRBC and HRBrC decreased with increasing cloudiness, go-
ing from the CS maxima (HRBC and HRBrC of 1.14 ± 0.03
and 0.20 ± 0.01 K d�1) to the completely overcast condi-
tion minima of 0.16 ± 0.01 and 0.02 ± 10�3 K d�1 (8 oktas;
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HRdir was only dominant during periods of CS and Ci clouds (HRdir: 1.11±0.04 and
0.92±0.05 K day-1, respectively), explaining 66±3 and 57±4% of the total atmospheric
HR. In the cases of other clouds (St, As and Sc) HRdif dominates, reaching the
highest absolute contribution of 84.4±3.8, 83.0±10.7 and 76±4% (HRdif: 0.25±0.01,
0.34±0.03 and 0.66±0.02 K day-1), respectively.
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Figure 12. Average values of the total HR, HRdir, HRdif and HRref
as a function of the cloud type.

Figure 13. Percentage decrease of the HR with respect to clear-sky
conditions as a function of the cloudiness (oktas) averaged for each
cloud type.
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ponents.

In terms of absolute values (not normalized for eBC),
Fig. 12 reveals that the HRdir was only dominant dur-
ing periods of CS and Ci clouds (HRdir of 1.11 ± 0.04
and 0.92 ± 0.05 K d�1, respectively), explaining 66 ± 3 %
and 57 ± 4 % of the total atmospheric HR. In the cases of
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of �11.9 ± 1.2 % per okta. The regression R2 (0.963) was
slightly higher than that reported in Fig. S5b (R2 = 0.935;
relationship with the cloudiness only) suggesting the need
(for precise calculations) to account for the cloud types re-
sponsible for any sky coverage in agreement with a recent
work of Bartoszek et al. (2020). Figure 13 also allowed us
to associate the HR decrease with each specific cloud type
over Milan. Particularly, Ci clouds produced a modest im-
pact on cloudiness (0.50 ± 0.05 oktas), decreasing the HR
by ⇠ 3 %, while Cu clouds (1.76 ± 0.09 oktas) decreased the
HR by �26 ± 8 %. Cc–Cs clouds (3.56 ± 0.14 oktas) were
responsible for a �49 ± 6 % decrease of the HR. Their im-
pact was comparable to that of Sc clouds (4.68 ± 0.10 oktas,
�48 ± 4 % of the HR). Ac clouds (4.11 ± 0.18 oktas) had a
higher impact, decreasing the HR by �59 ± 6 %. The highest
impact was due to As (6.57 ± 0.15 oktas; �76 ± 4 % of the
HR) and by St (7.19 ± 0.04 oktas) that suppressed the HR by
a factor of �83 ± 4 %.

3.3 The impact of clouds on the 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 Sect. 2.1.1). The monthly averaged values of
the HR of BC and BrC (HRBC and HRBrC) are reported in
Fig. 14. The highest HRBC and HRBrC values were recorded
in December (1.24 ± 0.03 Kd�1 and 0.19 ± 0.01 Kd�1),
while the lowest were recorded in March (0.46 ± 0.01 Kd�1

and 0.07 ± 0.01 Kd�1). Overall, the HRBrC accounted for
13.7 ± 0.2 % of the total HR.

The variability of the total HRBC and HRBrC as a func-
tion of cloudiness is reported in Fig. 15a, with panels
b–d showing their direct (HRBC,dir and HRBrC,dir), dif-
fuse (HRBC,dif and HRBrC,dif) and reflected (HRBC,ref and
HRBrC,ref) components. Figure 15a shows that both the
HRBC and HRBrC decreased with increasing cloudiness, go-
ing from the CS maxima (HRBC and HRBrC of 1.14 ± 0.03
and 0.20 ± 0.01 Kd�1) to the completely overcast condi-
tion minima of 0.16 ± 0.01 and 0.02 ± 10�3 Kd�1 (8 oktas;
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Figure 16. Percentage decrease of the HRBC and HRBrC with re-
spect to clear-sky conditions as a function of cloudiness (oktas) av-
eraged for each cloud type.

the varying incoming irradiance from that due to changes in
babs(�), both the HRBC and HRBrC were normalized to the di-
mensionless integral of babs(�) over the whole aethalometer
spectrum. In this way, the magnitude of babs(�) is accounted
for along the whole spectrum, avoiding the choice of an ar-
bitrary wavelength as a reference for the normalization. Sim-
ilarly to Sect. 3.2.2 for the total of the LAA HR, the vari-
ability of the normalized HRBC and HRBrC was investigated
with respect to cloudiness and cloud type; in this respect,
both the HRBC and HRBrC were normalized to the dimen-
sionless integral of babs(�) for each cloud type. Figure 16a
shows the decrease of the normalized HRBC and HRBrC as a
function of average cloudiness for each cloud type. We found
a strong linear relationship between the decrease of both the
normalized HRBC and HRBrC (relative to CS conditions) and
the mean cloudiness (in oktas) for each cloud type. Focusing
on the cloud type, Ci clouds were found to produce a statis-
tically negligible impact on cloudiness (0.50 ± 0.05 oktas),
decreasing the HRBC and HRBrC by ⇠ 1 %–6 %, respec-
tively. Cu clouds (1.76 ± 0.09 oktas) decreased the HRBC
and HRBrC by �31 ± 12 % and �26 ± 7 %, respectively. Cc–
Cc clouds featured 3.56 ± 0.14 oktas and were responsi-
ble for a �60 ± 8 % and �54 ± 4 % decrease of the HRBC
and HRBrC. Their impact was comparable to that of Ac
(4.11 ± 0.18 oktas): �60 ± 6 % and �46 ± 4 % decrease
of the HRBC and HRBrC. Sc clouds (4.68 ± 0.10 oktas)
had a higher impact, decreasing the HRBC and HRBrC of
�63 ± 6 % and �58 ± 4 %. The highest impact was given
by As (6.57 ± 0.15 oktas; �78 ± 5 % and �73 ± 4 % of the
HRBC and HRBrC) and by St (7.19 ± 0.04 oktas), suppressing
the HRBC and HRBrC by �85 ± 5 % and �83 ± 3 %, respec-
tively.

Overall, the derived linear regressions indicate a decrease
of ⇠ 12 % per okta for both the HRBC and HRBrC (with high
R2 of 0.958 and 0.963, respectively). In detail, the respective
decreases of the HRBC and HRBrC were �11.8 ± 1.2 % and

�12.6 ± 1.4 % per okta, with these values not being statisti-
cally different. We show that, while BC and BrC have dif-
ferent optical properties and wavelength dependence of ab-
sorption, their HR normalized to absorption changed with-
out any statistical difference as a function of cloudiness and
cloud type. This simplifies the models and reduces the num-
ber of details needed to be considered: once the HRBC and
HRBrC are determined in clear-sky conditions, their depen-
dence 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 the normalized HRBrC values
in Fig. 16 were always greater than or equal to the corre-
sponding ones of BC (even if 95 % confidence interval bands
overlapped). A possible explanation can be the synergic ef-
fect 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 (“The role of
average photon energy on the HR of BC and BrC”). This
feature needs further investigation in other seasons and else-
where in the world where the prevailing cloud types and the
light absorption by BrC might be different.

4 Summary and conclusions

The heating rates (HRs) associated with the two major LAA
species, i.e. black carbon (BC) and brown carbon (BrC)
(HRBC and HRBrC), were experimentally determined based
on radiation and aerosol measurements (at high time resolu-
tion) in the Po Valley. We determined the impact of cloud–
aerosol–radiation interactions on the atmospheric heating
by examining the total HR in different sky conditions. Re-
sults showed a constant decrease of the LAA HR with in-
creasing cloudiness of the atmosphere (⇠ 12 %). Our real-
atmosphere, all-sky, measurement-based results suggest that
using a simplified assumption of clear-sky conditions in
radiative-transfer calculations might overestimate the HR by
over 400 %. The effect of different cloud types on the HR
was also investigated. While cirrus clouds 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 and stratus clouds
suppressed the HRBC and HRBrC up to 80 %. The cloudi-
ness also changed the diurnal pattern of the HR with possi-
ble feedbacks on planetary boundary layer dynamics and/or
regional circulation systems.

The total HR, HRBC and HRBrC are affected by both
cloudiness and cloud type so that inaccurate HRBC and
HRBrC estimations can be derived from simulations if pres-
ence of clouds is ignored and cloud type is not taken into
account. Most importantly, the coupling between the cloud
impact on the solar radiation spectrum (and its direct, dif-
fuse and reflected components) and the spectral-absorption
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Ci were found to produce a statistically negligible impact on cloudiness decreasing the HRBC and HRBrC
by ~1-6%, respectively. Cu (1.76±0.09 oktas) decreased the HRBC and HRBrC by -31±12% 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 HRBC and HRBrC. Their impact was comparable to that of Ac (4.11±0.18 oktas): -60±6%
and -46±4% decrease of the HRBC and HRBrC. Sc (4.68±0.10 oktas) had a higher impact, decreasing
HRBC and HRBrC of -63±6% and -58±4%. The highest impact was given by As (6.57±0.15 oktas; -
78±5% and -73±4% of HRBC and HRBrC) and by St (oktas: 7.19±0.04) suppressing the HRBC and HRBrC
by -85±5% and -83±3%, respectively.
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