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H I G H L I G H T S  

� The forcing of BC, dust, and sea salt absorption under Etesians is estimated at 1.2, 0.1 and nearly zero W m� 2, accordingly. 
� BC absorption reduces the SW↓ by 5.5 W m-2 near the surface and augments the LW↑ by 0.3 W m-2 at the TOA. 
� BC absorption reduces the cloud water mixing ratio on average by 10% (semi-direct effect). 
� BC absorption influences all physical and dynamical heating processes producing heating rates up to 0.2 K day� 1. 
� The mean daily temperature increases by up to 0.8 K near the surface.  
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A B S T R A C T   

In this modelling study, the absorption influence on radiation, apart from scattering, is studied above the Aegean 
Sea (Eastern Mediterranean) under a typical warm 13-day period with northern winds, transporting polluted air 
masses. The simulated (WRF-Chem) forcing caused by the total absorption is estimated along with black carbon 
(BC), dust, and sea salt contributions, 1.3, 1.2, 0.1 and nearly zero W m� 2, accordingly. As dust and sea salt 
influence is negligible, the main focus is on BC. BC absorption reduces downward shortwave irradiance reaching 
the ground by up to 5.2 W m� 2 and the upward part by up to 1.7 W m� 2. The downward and the upward 
longwave irradiances are augmented by up to 2.3 and 1.2 W m� 2, accordingly. Even though the cloud formation 
is not favoured during the study period, BC absorption reduces overall the cloud water mixing ratio by 10% 
(semi-direct effect). However, during specific days and over limited cloudy areas, the semi-direct effect reduces 
low level clouds up to 20% while in case of higher clouds the reduction reaches up to ~29%. In order to examine 
the physical mechanisms below semi-direct effect, all modelled heating rates are analysed. Radiation direct 
absorption increases the air temperature with a rate up to 0.2 K day� 1, with an exception inside the surface layer, 
where unexpectedly longwave cooling prevails. The heating of the surface layer is mainly attributed to the 
advection process, as more heated air masses are transported over the Aegean Sea.   

1. Introduction 

Atmospheric aerosols are the most uncertain driver of global climate 
change (IPCC et al., 2013). The particles scatter and absorb solar and 
terrestrial radiation (Angstrom, 1929; Coakley et al., 1983; Charlson 
et al., 1992; Ramanathan and Feng, 2009; Boucher et al., 2013), the so 
called direct effect. Through the aerosol absorption, the temperature, 

the atmospheric stability, and the near-cloud relative humidity are 
locally altered and consequently modify the cloudiness, well known as 
the semi-direct effect (Hansen et al., 1997; Ackerman et al., 2000; 
Jacobson, 2002). Concurrently, aerosols serve as cloud condensation or 
ice nuclei (indirect effect) (Gunn and Phillips, 1957; Twomey, 1972; 
Altaratz et al., 2014), thus indirectly cool the planet by increasing its 
albedo, the first indirect effect (Twomey, 1974, 1977), and differentiate 
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the cloud cover, the lifetime of clouds, and the precipitation, the second 
indirect effect (Albrecht, 1989; Rosenfeld, 2000; Ackerman et al., 2004; 
Wilcox, 2012; Zhou et al., 2017; Gordon et al., 2018; Rao and Dey, 
2020). Each aerosol or a combination of aerosols alters the radiation 
budget. This change is expressed by the term forcing and it is defined as 
the change in the net vertical irradiance at the tropopause caused by a 
particular constituent. 

The Mediterranean region is an area affected by a high aerosol load 
owed to air masses carrying numerous and various aerosol types from 
Europe, Africa, and Asia (Lelieveld et al., 2002). Recent studies 
demonstrate that these aerosol mixtures are significant on the radiation 
budget and cloud properties (Bougiatioti et al., 2009, 2016), especially 
over the Eastern Mediterranean where the phenomenon is more pro-
nounced (Mallet et al., 2013). Τhe direct, semi-direct, and indirect ef-
fects and forcings in the Mediterranean basin have been studied 
applying multiple techniques and methods, such as ground-based (Stock 
et al., 2011), airborne, cruise (Gerber, 1979), and satellite measure-
ments (Georgoulias et al., 2015; Sicard et al., 2016) along with radiative 
transfer, climate, and forecasting models (Balis et al., 2004; Barnaba 
et al., 2007; Highwood et al., 2007; Di Biagio et al., 2009; Perrone and 
Bergamo, 2011; Nabat et al., 2014; Kushta et al., 2014; Mishra et al., 
2014; Meloni et al., 2015; Mallet et al., 2016; Kosmopoulos et al., 2017). 
Markowicz et al. (2002) found that the anthropogenic aerosols from 
European and North African megacities result in a significant reduction 
in incoming solar radiation in the region, by ~ 18 W m� 2, while 
Valenzuela et al. (2017) concluded that biomass burning (BB) and fossil 
fuel black carbon (BC) in the Iberian Peninsula attribute to radiative 
forcing by þ15 W m� 2. Dust aerosols from Africa and Arabia Peninsula 
alter locally the solar irradiance by up to ~ � 15 W m� 2 and the 
terrestrial one by up to ~ þ5 W m� 2 (Spyrou et al., 2013), whereas 
marine particles change the net shortwave by ~ � 0.6 W m� 2 and the net 
longwave irradiance by ~ þ0.2 W m� 2 at the earth’s surface (Lundgren 
et al., 2013). 

Most studies that examine the aerosol-cloud-radiation interactions 
consider that the aerosol absorption and scattering are functioning 
simultaneously. However, given the fact that some effects depend either 
on the light absorption (e.g. the semi-direct and the cloud absorption) or 
on the light scattering (e.g. first indirect effect) (Jacobson, 2002a, 
2014), we consider that it is preferable for each optical property to be 
examined separately. А few studies exist that quantify the influence of 
absorption or scattering, separately. Jin et al. (2016) found that dust 
absorption in the Middle East traps ~ 40 W m� 2 in the atmosphere, 
overlaps the scattering’s cooling (~� 0.2 K day� 1) ending up to an 
overall heating (~þ0.2 K day� 1). Due to crop burning in East China, Yao 
et al. (2017) found that the brown carbon direct forcing on shortwave 
radiation (� 0.22 W m� 2) was a combined effect of the positive ab-
sorption forcing (þ0.21 W m� 2) and a stronger negative scattering 
forcing (� 0.43 W m� 2). 

In this study, we examine the absorption impact, apart from scat-
tering, on shortwave and longwave irradiances. We estimate the forcing 
to address the energy captured by absorption and we quantify the 
resulting heating rates throughout the atmosphere over the Aegean Sea 
(Eastern Mediterranean). Based on the thermodynamic equation, we 
investigate all the physical processes that contribute to local heating 
(semi-direct effect). The absorption is studied separately for each aerosol 
(BC, the main absorber, dust, a major absorber on longwave, sea salt, a 
minor absorber with pronounced concentration) and as a whole. 

The mesoscale Weather Research and Forecasting model fully 
coupled with chemistry and aerosols (WRF-Chem) (Fast et al., 2006), 
which allows the division of the aerosol absorption from scattering, is 
implemented. We simulate a 13-day period in the summer of 2011, as 
airborne measurements inside the PBL are available (Aegean Pollution: 
Gaseous and Aerosol airborne Measurements (Aegean-GAME) 
campaign; Tombrou et al., 2015). Besides, this particular summer has 
been characterised as a typical one with regard to the aerosol burden for 
this region (Mishra et al., 2014), with consistent northerly winds, the 

“Etesian winds” (Tyrlis and Lelieveld, 2013). During this period mixed 
anthropogenic and BB polluted air masses from eastern and central 
Europe were transported to the region (Tombrou et al., 2015; Athana-
sopoulou et al., 2015; Bossioli et al., 2016), while sea salt production, 
triggered by the strong northern winds, induced pronounced sea salt 
concentrations in the atmosphere. Although the Etesian outbreaks are 
not characterised by high dust loads, we also investigate how their 
concentrations transported from the Middle East due to Anatolian 
thermal low (Tyrlis and Lelieveld, 2013) shape the absorption effect. 

2. Methodology and data 

2.1. Model set-up 

The present study uses the WRF-Chem model (version 3.4.1). The 
simulations are performed by applying a ‘two-way’ nesting approach on 
three modelled domains: the parent domain (d01) extends over the 
broader area of Europe (20oN-80oN, 15oW-45oE) having a resolution of 
0.5� x 0.5� (Fig. S1). The first nested domain (d02) extends over the area 
of Greece and Italy (not shown) with a resolution of 0.167� x 0.167� and 
the innermost one (d03) covers the extended area of Greece (Fig. 1) with 
0.056� x 0.056� resolution. The atmosphere is divided into 35 full ver-
tical sigma levels; the first level is placed at approximately 10 m above 
ground level, while the isobar of 50 hPa comprises the simulated top of 
the model. Input data for the initial, lateral, and boundary conditions 
have been obtained from the National Centers for Environmental Pre-
diction (NCEP) operational Global Final (FNL) Analyses, along with 
NOAA high-resolution (0.083� x 0.083�) Sea Surface Temperature (SST) 
Analysis Product. The gas phase chemistry is simulated by the RADM2 
mechanism (Stockwell et al., 1990), while for the aerosols the Modal 
Aerosol Dynamics Model for Europe (MADE; Ackermann et al., 1998) for 
inorganic species and the Secondary Organic Aerosol Model (SORGAM; 
Schell et al., 2001) for secondary organic aerosols are used. The 
RADM2-MADE/SORGAM is used as it is found to have the smaller bias of 
BC concentration in an intercomparison study for the Eastern Mediter-
ranean (Georgiou et al., 2018). Our set up is quite similar to the one 
presented by Bossioli et al. (2016). However, in order to meet our ob-
jectives in this study we consider the RRTMG radiation scheme (instead 
of RRTM and Goddard) and we activate the direct effect. We have only 
considered the direct aerosol-radiation interactions (not the indirect 
ones), as our goal is to study the semi-direct effect (Jacobson, 2012). 

The Rapid Radiation Transfer Model for Global (RRTMG) scheme 
(Iacono et al., 2008) is used, as it is the only scheme that takes into 
account the direct aerosol radiation interaction both on the shortwave 
and longwave irradiances. In an intercomparison study over the area 
and period of interest, the RRTMG scheme turned out to be the most 
accurate on shortwave band among those that process the aerosols direct 
effect (Methymaki et al., 2018). This scheme utilises the correlated-k 
approach to calculate the fluxes and the heating rates. Fluxes are 
calculated over 14 spectral bands in shortwave, spanning from 0.2 to 
12.2 μm and 16 bands in the longwave, from 3.08 to 1000 μm. 
Subgrid-scale cloud variability is considered incorporating the Monte 
Carlo independent column approximation (McICA) method (Barker 
et al., 2003; Pincus et al., 2003) with the optical properties of water and 
ice clouds calculated for each spectral band. 

Moreover, for the needs of this study, we extract the irradiances and 
the heating rates of the thermodynamic equation in every model level. 
The heating rates refer to the physical schemes, radiation (absorbed, 
scattered, and emitted), PBL (vertical diffusion and mixing), cumulus 
(vertical subgrid scale convective fluxes), and microphysics (latent heat) 
and to the dynamical schemes (horizontal diffusion and advection). The 
refractive index of BC follows Bond and Bergstrom (2006) study. All 
aerosol mixtures are considered internally mixed and the volume 
average refractive index mixing rule is applied based on the chemical 
composition. 

The study period, from 28-08-2011 to 09-09-2011, is mainly 
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designated by the available airborne measurements from the Aegean- 
GAME campaign (31-08-2011 to 07-09-2011, Bezantakos et al., 2013; 
Tombrou et al., 2015). Although the Aegean-GAME campaign starts on 
31-08, the study period begins three days earlier, on 28-08, so that days 
characterised as Etesians (Tyrlis and Lelieveld, 2013) to be also 
considered. The study period is splitted into three shorter subperiods for 
meteorology with two spin up days for each one. The simulations start 
two days earlier, on 26-08-2011, so that the chemical and aerosol 
pollution can be advected to the innermost domain through large-scale 
transport. Only for the first simulated day (26-08-2011) idealised pro-
files, based on climatological data from the NOAA Aeronomy Lab 
Regional Oxidant Model (NALROM) (McKeen et al., 1991), are 
employed. For the next days, the chemistry runs continuously. 

2.2. Emissions 

The anthropogenic emission inventory from the European Moni-
toring and Evaluation Programme (EMEP) with emissions from ships 
and volcanoes for the reference year 2010 is used for domain d01 in a 
spatial resolution 0.5� x 0.5� and projected to domain d02, while the 
national emission inventory (0.056� x 0.056� resolution) is applied in 
the domain d03 (Tombrou et al., 2009). Sea-salt and dust emissions are 
generated on-line using the MOSAIC and MADE/SORGAM emissions. 
Biogenic emissions are also calculated on-line, based on the algorithm 
provided by Guenther et al. (1993), whereas daily actual patterns of BB 
emissions have been calculated off-line for the domains d01 and d02, 
based on the total particulate matter BB emission inventory (resolution 
of 0.1� � 0.1�) of the FMI FAS system (Sofiev et al., 2009). Anthropo-
genic and BB emissions for BC in d01 are depicted in Fig. S1, whereas a 
more detailed view of the emissions applied can be found in Bossioli 
et al. (2016). 

Given the meteorological conditions (northern winds) during the 
examined period, the transported air masses are mainly burdened by 
anthropogenic and BB emissions, therefore, the BC appears to be the 
most significant absorber. Comparing the BC concentration from the 
first complete simulation (AAold run), which followed all the details 
described above and in section 2.4, with airborne measurements from 
Aegean Pollution: Gaseous and Aerosol airborne Measurements 
(Aegean-GAME) campaign and data from the Finokalia station, it 
became apparent that BC is seriously underestimated by 77% and 66%, 
accordingly (Table 1). These percentages are not acceptable based on 
Emery et al. (2017) thus, after multiple sensitivity runs, in order to 
approach the measured BC load, the BC emissions (from BB and 
anthropogenic sources) are doubled in all simulations. Finally, the un-
derestimation is reduced to 54% and 32%, accordingly (Table 1). 
Although the comparison with the airborne data is still out of the 
criteria, we considered it as reasonable as the normalised mean error 

(NME) is inside the proposed criteria. Larger deviations can be explained 
by the numerous close to zero values of BC concentration that are 
measured at high altitudes and increase the fraction of the normalised 
mean bias (NMB) artificially. 

2.3. Simulations and off-line calculations 

WRF-Chem ran five times, all with doubled BC emissions: i) All the 
aerosols Absorb (AA), as the base run, ii) none aerosol absorbs (WoA), 
and the cases where iii) BC (WoBC), iv) dust (WoDust), and v) sea salt 
(WoSS) do not absorb. A specific aerosol is not allowed to absorb by 
setting the imaginary part of the refractive index to zero. The absorption 
for each aerosol is studied via the difference of 2 simulations: the basic 
simulation АА, where all aerosols have the ability to absorb, and the 
simulation where the specific aerosol is not allowed to absorb (e.g. 
WoBC). This approach eliminates other aerosols absorption. In addition, 

Fig. 1. Flight-track of a) b637 flight on 01-09-2011 and b) b643 flight on 07-09-2011. Colour scale depicts height. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Statistical evaluation of AA with the available datasets: airborne (31-08-2011 to 
07-09-2011) and Finokalia data (28-08-2011 to 09-09-2011). The evaluation of 
BC concentration is presented for the base AA simulation (and the AAold run with 
initial BC emissions). The measured scattering coefficient includes both particles 
and Rayleigh scattering.  

Aegean- 
GAME 

Absorption 
Coefficient 
(565 nm) 
(Mm� 1) 

BC 
Concentration 
(μg m� 3) 

Downward 
Shortwave 
Radiation (W 
m� 2) 

Upward 
Shortwave 
Radiation (W 
m� 2) 

Mean 
Observed 
Value 

2.96 0.30 783 79.8 

Mean Bias � 1.39 � 0.15(-0.22) 34.3 25.6 
Normalised 

Mean Bias 
� 0.49 � 0.54(-0.77) 0.05 0.38 

Normalised 
Mean 
Error 

0.68 0.68(0.79) 0.08 0.47 

Finokalia Absorption 
Coefficient 
(880 nm) 
(Mm� 1) 

BC 
Concentration 
(μg m� 3) 

Downward 
Shortwave 
Radiation (W 
m� 2) 

Scattering 
Coefficient 
(532 nm) 
(Mm� 1) 

Mean 
Observed 
Value 

2.77 0.58 455 49.0 

Mean Bias � 0.03 � 0.19(-0.38) 30.3 � 14.1 
Normalised 

Mean Bias 
0.00 � 0.32(-0.66) 0.07 � 0.29 

Normalised 
Mean 
Error 

0.47 0.45(0.66) 0.16 0.44  
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a sensitivity simulation is realised, where BC neither absorbs nor scatters 
radiation (WoBCabsþscatt) in order, compared with AA, to deduce the 
total BC radiative impact (scattering and absorption in synergy). 

In order to calculate the modelled absorption coefficient at 880 nm 
and 565 nm and evaluate model results (for the AA simulation), we first 
calculate the single scattering albedo and the extinction coefficient at 
the desired wavelengths. More specifically, we compute the single 
scattering albedo and the extinction coefficient at the desired wave-
lengths (using their simulated values at the default wavelengths (300, 
400, 600, and 999 nm)) by applying linear interpolation for single 
scattering albedo and the Angstrom exponent for the extinction coeffi-
cient, following RRTMG structure. Then, the basic formula of single 
scattering albedo (ratio of scattering coefficient to extinction coefficient) 
is used to calculate the scattering coefficient and finally the absorption 
coefficient. 

The direct forcing of each aerosol is calculated by the formula, 

XN

i¼1

NETAA
i � NETWoA

i

N
(1)  

where N is the number of hours, NETAA the hourly net irradiance in the 
AA simulation, and NETWoA the net irradiance in the WoA, WoBC, 
WoDust, or WoSS scenarios. Also, NET is given by the formula, 

NET ¼ SW↓þ LW↓ � SW↑ � LW↑ (2)  

where SW↓ the downward shortwave irradiance, LW↓ the downward 
longwave irradiance, SW↑ the upward shortwave irradiance, and LW↑ 
the upward longwave irradiance at the tropopause (~15 km) which is 
calculated according to the World Meteorological Organization defini-
tion. The calculation was performed for all days during the selected 
period. The term forcing is used despite the requirements in the pro-
posed definition by IPCC, just to address the energy (in W m-2) captured 
by each aerosol separately or the total absorption inside the troposphere. 

2.4. Measurements 

The available datasets come from the Aegean-GAME campaign (31- 
08 to 07-09, Bezantakos et al., 2013; Tombrou et al., 2015) and from the 
Finokalia surface station. Measurements from Finokalia cover all the 
study period (28-08 to 09-09). The observations from the UK Facility for 
Airborne Atmospheric Measurements (FAAM) BAe-146 research aircraft 
(http://www.faam.ac.uk) cover the whole Aegean, inside and above the 
PBL (up to 4.5 km). In all flights, the aircraft took off from Chania airport 
on Crete and continued eastward before turning northward up to the 
northern Aegean Sea or to the northern coasts of Turkey. The paths of 
two flights above the Aegean are presented in Fig. 1. The airborne 
measurements are supported by hourly observations made at the Fino-
kalia ground station (http://finokalia.chemistry.uoc.gr/) located on 
Crete (35ο 200 N, 25ο 40’ E, at 250 m a.s.l.). 

The statistics of WRF simulations against the airborne meteorolog-
ical (temperature, wind speed, and relative humidity) and chemical (O3, 
CO, SO42� , NH4þ, OM, BC) parameters are extensively discussed in 
Dandou et al. (2017) and Bossioli et al. (2016). In this study we focus on 
the radiation related parameters. Therefore, the measured airborne 
variables considered are a) the downward shortwave and upward 
shortwave irradiances measured using Eppley Pyranometer instruments 
on top and beneath the aircraft, respectively, with corrections for pitch 
and non-idealities (with sampling frequency of 0.01 Hz), b) the aerosol 
absorption coefficients at 565 nm measured with a Radiance Research 
Particle Soot Absorption Photometer (with sampling frequency of 0.01 
Hz), and the estimated BC concentrations at aircraft ambient conditions, 
following the corrections described in Tombrou et al. (2015). The 
measured ground variables at Finokalia station are the hourly a) 
downward shortwave irradiance, measured by the CM3 Pyranometer by 
Campbell Scientific, INC., b) the BC concentration using the AE22 Magee 

Aethalometer at 880 nm and through it the aerosol absorption co-
efficients at 880 nm, following Zanatta et al. (2016), and c) the scat-
tering coefficient at 532 nm by the monowavelength portable 
integrating nephelometer (M903, Radiance Research, Seattle, USA). 
Driven by the available measurements, we calculate the modelled ab-
sorption coefficient at 880 nm and 565 nm (section 2.3). 

3. Results 

During the study period, northern winds prevailed and according to 
simulations the ratio of PM2.5 to PM10 mass concentrations is on average 
0.5. In section 3.1 we present the statistical analysis of the modelled 
values against airborne and surface observations, while in sections 3.2 
we analyse the days which show interesting features regarding the 
aerosols; days with elevated coarse aerosols and days with elevated 
concentrations of the fine fraction. In section 3.3 we present the direct 
forcing and effect due to the total absorption as well as to each aerosol 
absorption separately (BC, sea salt, dust) at the tropopause. In section 
3.4 we present the BC absorption impact on temperature, on clouds 
(semi-direct effect), and on irradiances (direct absorption effect). On 
section 3.5 we explain how BC absorption influences the heating rates 
that produce the temperature rise and create the semi-direct effect. 

3.1. Statistical evaluation 

The comparison of AA simulation results with the airborne mea-
surements (Table 1) shows that BC concentrations are underestimated 
by 0.15 μg m� 3 (NMB: -54%) and absorption coefficient by 1.39 Mm� 1 

(NMB: -49%). Similarly, the comparison with Finokalia data (Table 1) 
shows underestimation of BC concentration by 0.19 μg m� 3 (NMB: 
-32%), absorption by 0.03 Mm� 1 (NMB: ~0%), and scattering coeffi-
cient by 14.10 Mm� 1 (NMB: -29%) for the whole period. 

The downward shortwave irradiance is well simulated; the mean 
deviation is þ30.3 W m� 2 (NMB: þ7%) at the Finokalia station and 
þ34.3 W m� 2 (NMB: þ5%) during the whole period of the Aegean- 
GAME (Table 1). These differences are mainly attributed to the aero-
sols underestimation (Methymaki et al., 2018) and the failure of the 
model to forecast accurately the existing clouds (Zempila et al., 2016). 
Although the overestimation of the downward shortwave irradiance is 
rather small, it initiates an overestimation of the upward shortwave 
irradiance, on average by 25.6 W m� 2 (NMB: þ38%) (Table 1). This is 
also related to the underestimation of scattering coefficient (NMB: -29% 
at Finokalia). 

3.2. Case studies, 28-08, 01-09, and 07-09 of 2011 

In Fig. 2, the simulated spatial distribution of aerosol total columnar 
masses of BC, dust, sea salt, and PM10 are presented over the greater 
Mediterranean region for the selected days; 28-08 mainly for dust and 
sea salt, 01-09 mainly for BC and 07-09 for the three types of aerosols. 
For the analysis of the case studies, the mean daily vertical profiles of 
each aerosol type above the Aegean Sea (refers to the area covered by 
the sea in Fig. S2) together with those of temperature, water vapour, 
cloud water mixing ratio, and wind speed are also presented for each day 
of the period considered (Fig. 3). 

28-08 is an Etesian day with intense north-eastern wind (Fig. 3.2d). 
BC concentrations are very low throughout the column (Fig. 3.1a). Also, 
the highest dust concentration (~15 μg m-3) located below 2 km is 
simulated this day (Fig. 3.1b). The dust particles are transported from 
the Middle East due to the cyclonic formation above Turkey (Fig. 2.1b). 
Similar events, but with higher concentrations, are discussed in Dayan 
et al. (1991) and usually last 1–2 days. In our study, the duration of the 
event is 2 days; on 29-08 the transport continues and dust concentration 
exceeds 10 μg m-3. At the same time, the strong wind generates sea-salt 
aerosols and the concentration exceeds 15 μg m-3 (Fig. 3.1c). Therefore, 
PM10 concentration maximises on 28-08 (Fig. 3.1d). 
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On 01-09 and 07-09, BC concentrations above the sea (Fig. 3.1a) 
retain the same amounts, or even higher, as those on land (Fig. S2a), 
despite the fact that they are further away from the emission sources, as 

the mixing of air masses transported over the sea is negligible. On 01-09, 
lower wind speeds prevail (Fig. 3.2d), which favours the accumulation 
of BC concentrations inside the PBL (Fig. 3.1a). The daily mean 

Fig. 2. Spatial horizontal patterns of total aerosol columnar mass per m2 of: a) BC, b) dust, c) sea salt, and d) PM10 on 1) 28-08, 2) 01-09, and 3) 07-09, as simulated 
by AA. Wind direction is presented at ~2.5 km. 

Fig. 3. Mean spatial (area covered by the sea, in Fig. S2) daily vertical profiles of: 1a) BC, 1b) dust, 1c) sea salt, 1d) PM10 concentration, 2a) temperature, 2b) water 
vapour and 2c) cloud water mixing ratio, and 2d) wind, as simulated by AA. The selected days are presented with colored lines (28-09, cyan; 01-09, red; 07-09, blue) 
and all other days with grey lines. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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horizontal distribution of BC columnar mass (Fig. S2.2a) shows that in 
the west Aegean the load is mainly due to local emissions, while in the 
east Aegean is mainly transported from Turkey along with BB aerosols 
(Fig. S6 in Bossioli et al., 2016). Meanwhile, low concentration of dust, 
sea salt, and PM10 are depicted in the area of interest (Fig. 3.1b,1c and 
1d). During this day, higher cloud water mixing ratio values appear close 
to the sea (Fig. 3.2c). 

The 07-09 is an Etesian day with high wind speed (although lower 
than on 28-08, at lower levels) that is significantly reduced at higher 
levels (Fig. 3.2d) favouring medium-range transport which augments 
the concentrations above the PBL, as extensively discussed by Tombrou 
et al. (2015). BC concentrations are lower than those on the 01-09 
(Fig. 3.1a), however, they exhibit an elevated local maximum at ~2.5 
km due to BB emissions transported to the area by the north-western 
flow (Bossioli et al., 2016). Low concentrations of dust and PM10 are 
calculated near the surface (Fig. 3.1b, d), but they increase at ~2.5 km in 
both profiles. Despite the fact that the dust load is small, this vertical 
structure corresponds to African dust transport (Flaounas et al., 2017). 
The anticyclone in the west Mediterranean during the previous days (as 
in Fig. 2.1b) carries dust particles west of Greece and the north-western 
flow on the 07-09 transports them to the Aegean Sea (Fig. 2.2b). Sea-salt 
is also enhanced (up to 8 μg m� 3) during this day. Therefore, dust and 
sea-salt are examined on 28-08 and 07-09 and BC on 01-09 and 07-09. 

3.3. Direct absorption forcing and effect 

Table 2 shows the direct forcing due to the total absorption as well as 
to each aerosol separately (BC, sea salt, dust) at the tropopause under all 
sky and cloud-free conditions for the total area (sea and land) in Fig. S2. 
Similarly, the direct effect on the downward shortwave and the upward 
longwave irradiances near the surface (at ~10 m) and at the top of the 
model are presented, accordingly. The results are provided during the 
whole period and for the selected days. 

The mean absorbed irradiance by the total aerosol load for the whole 
period is found 1.3 W m� 2 under all sky, most of which is due to BC (1.2 
W m� 2, Table 2). Under clear sky conditions, the amounts do not differ 
significantly (1.2 and 1.1 W m� 2, correspondingly) as expected given the 
prevailing cloudless atmospheric conditions. The dust absorption 

forcing is insignificant, mainly due to its small overall concentrations. It 
only reaches up to 0.1 W m� 2, when transported from Middle East. The 
sea salt much lower absorptivity on shortwave than on longwave spec-
trum (even lower than dust’s) allows the negative net on longwave to 
determine the outcome (~� 0.05 W m� 2). However, the estimated BC 
forcing attributed both to absorption and scattering (WoBCabsþscatt) is 
substantially reduced (0.3 W m� 2), showing that scattering reduces BC 
forcing by 0.9 W m� 2. 

Under all sky conditions, the absorption of BC reduces the downward 
shortwave radiation near the surface by 5.5 W m-2 while the overall 
reduction is about 5.9 W m-2 (in cloud-free hypothesis, the reductions 
become 6.1 W m-2 and 6.4 W m-2, accordingly). When the highest dust 
and sea-salt concentrations occur (on 28-08), dust reduces the down-
ward shortwave irradiance by 0.5 W m-2, while the sea salt reduction 
remains very low. The total absorption effect on the upward longwave 
radiation at the top of the model is þ0.2 W m-2 (0.1 W m-2, cloud-free 
hypothesis), of BC is þ0.3 W m-2 (0.2 W m-2, cloud-free hypothesis) 
and it is almost unnoticeable for dust and sea salt. The dust effect on 
longwave is not significant since longwave effect is also influenced by 
temperature and water vapour changes, as discussed in the next section. 
The fact that the total absorption effect is smaller than the BC absorption 
effect on longwave spectrum is artificial and it is due to the small var-
iations produced between the simulations. 

The impact of each absorber on the shortwave, longwave, and the 
total net irradiance in selected levels is presented in Fig. 4 for the study 
period. The bars at 15.2 km (tropopause) correspond to the forcing 
under all sky conditions (Table 2). It is apparent that the shortwave 
irradiance dominates the net profile at all levels, apart from that at the 
surface which is relatively smaller due to the higher longwave effect. 
Below 2 km, the absorption prevents the radiation from penetrating to 
lower levels, as the concentrations accumulate mainly there. Above 2 
km, radiation is eased to penetrate to the lower levels. Dust follows BC 
and total absorption’s tendency with height but it has much lower 
impact. Sea salt influence on the total net irradiance is negligible. 

Due to the small contribution of dust and sea salt to the absorption, 
the discussion, hereafter, focuses on the BC absorption. A more detailed 
analysis of the days on which BC is examined (01-09 and 07-09) can be 
found in Supplements (Section S2) along with their evaluation with the 
airborne and the surface measurements. 

3.4. BC absorption impact 

3.4.1. Temperature 
Fig. 5.1 depicts the spatial mean of the daily vertical profiles of the 

BC absorption coefficient derived as the difference of the absorption 
coefficients between the AA and the WoBC simulations along with its 
influence on the variables that are involved in the semi-direct effect, 
namely the cloud water, temperature, and water vapour. For most of the 
days, the higher temperature increase is calculated inside the PBL, with 
values up to 0.3 K (Fig. 5.1b), while this effect is noticeable up to ~3 km. 
On 07-09 however, the mean daily temperature increases by up to 0.17 
K and it is found in the elevated layer with the enhanced BC concen-
trations. In areas without clouds, the daily increase in temperature near 
the surface may even reach 0.8 K (on 01-09, Fig. S3.1b). Mishra et al. 
(2014) observed through different satellite data a much higher impact of 
aerosols on temperature (up to ~ 4 K) in the Eastern Mediterranean, in 
the summer of 2010. During their study however, the aerosol load was 
much higher (AOD at 550 nm equal to 0.58) compared to that on the 
present study (0.10 on 01-09 and 0.16 on 07-09). They also found, in 
agreement with our study, that the impact is larger at higher altitudes 
inside the PBL than close to the surface. Comparable local temperature 
increases at 2 m (~0.2–0.6 Κ) driven by BC were found in Eastern China 
during a heavily polluted event (1-week long) using WRF-Chem (Qiu 
et al., 2017). 

Table 2 
The direct forcing of absorption at the tropopause under all and clear sky con-
ditions for all absorbing aerosols, BC, dust, and sea salt over the entire area (sea 
and land) in Fig. S2. Similarly, the direct effect of absorption on the downward 
shortwave (near the surface) and upward longwave irradiance (top of the 
model). The results correspond to the whole period (bold) and speciated for total 
and BC absorption on 01-09 (italic) and 07-09 (regular) and for dust and sea salt 
absorption on 28-08 (italic) and 07-09 (regular). LV indicates low absolute 
values, but not zero (0.01 � |LV| < 0.05).   

whole period/01- 
09/07-09 

whole period/28- 
08/07-09 

Forcing 
(W 
m¡2) 

Level Sky Total 
Abs. 

BC Dust Sea 
Salt  

tropopause all 
sky 

1.3/ 
1.9/1.8 

1.2/ 
1.8/2.0 

LV/ 
0.1/-0.3 

LV/LV/ 
LV  

tropopause clear 
sky 

1.2/ 
1.7/1.1 

1.1/ 
1.6/1.0 

LV/0.1/ 
LV 

LV/LV/ 
LV 

Effect (W 
m� 2) 

Level Sky Total 
Abs. 

BC Dust Sea 
Salt 

SW↓ surface all 
sky 

¡5.9/- 
8.6/-3.5 

¡5.5/- 
8.1/-2.2 

¡0.2/- 
0.5/-0.9 

¡0.1/ 
LV/-0.1  

surface clear 
sky 

¡6.4/- 
8.8/-6.8 

¡6.1/- 
8.6/-6.6 

¡0.2/- 
0.4/-0.3 

¡0.1/ 
LV/-0.2 

LW↑ top all 
sky 

0.2/ 
0.1/1.0 

0.3/ 
0.2/1.3 

0.0/LV/ 
0.1 

LV/ 
0.0/LV  

top clear 
sky 

0.1/ 
0.1/0.2 

0.2/ 
0.2/0.3 

0.0/LV/ 
LV 

0.0/ 
0.0/LV  
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3.4.2. Clouds (semi-direct effect) 
Even though the cloud formation is not favoured during this period, 

an overall reduction of cloud water mixing ratio by 10% is estimated. 
The rise in temperature favours the dissipation of existing clouds. 
Consequently, due to the evaporation of cloud droplets, the water 
vapour mixing ratio increases at about the same altitudes (Fig. 5.1c). We 
further examine two cloudy systems formed on 01-09 and 07-09. On 01- 
09 the cloud system is simulated near the surface, in the south Aegean 
(Fig. 3.2c, Fig. S4a) and coexists with high BC concentrations (Fig. 3.1a, 
Fig. S2.2a). The mean cloud water mixing ratio reaches up to 0.6 g kg� 1 

(Fig. S4a). On 07-09, the cloud system is formed in the northwest Aegean 
(Fig. S4b) in a cleaner environment (Fig. 3.1a), with a larger vertical 
development (200 m – 4 km) (Fig. 3.2c, Fig. S2.3a). The cloud water is 
up to 0.3 g kg� 1 (Fig. S4b). 

In order to further examine the BC semi-direct effect at these two 
areas, the mean profiles of cloud water mixing ratio, water vapour 
mixing ratio, relative humidity, vertical velocity, and temperature dif-
ferences are presented in Fig. S5. For the mean profiles, we only consider 
the hours with clouds. On 01-09 the rise in temperature increases 
slightly with height in the surface layer (below 50 m) and does not affect 
the stability. However, the temperature increase enhances the produc-
tion of water vapour (Fig. S3.1c) which stagnates near the surface due to 
the reduced wind speed (not shown) and, therefore, the cloudiness is 
augmented by 3%. In the following 100 m, the rise in temperature in-
creases significantly with height and makes the column more stable 
reducing the cloud water by 20%. In the next 50 m, the temperature rise 
decreases with height and clouds develop. The overall reduction of 
clouds on 01-09 is ~14% (Fig. 5.1d). On 07-09, the alterations due to BC 
absorption do not follow the rise of temperature with height but the 
mean vertical wind reduction. Nevertheless, it is noted that there is a 
strong spatial variation of wind, where the intense topography seems to 
play a significant role, which is also depicted at the cloud pattern 
(Fig. S4b). This day, the mean reduction is 19%, while the maximum 

reduction (29%) is located at 2.5 km (Fig. 5.1d). 

3.4.3. Irradiances (absorption direct effect) 
For a complete view of the BC absorption direct effect, the mean 

spatial daily profiles of irradiance differences (AA-WoBC) are also pre-
sented in Fig. 5.2. On most days, the downward shortwave reduction 
under all sky conditions ranges from ~2.0 and up to ~5.2 W m� 2 (near 
the surface), while it becomes less than 1.0 W m� 2 at 4 km (Fig. 5.2a), 
following the absorption coefficient reduction with height (Fig. 5.1a). 
Further, in areas with high BC columnar mass (as on 01-09; Fig. S2.2a) 
the average daily reduction may even reach up to 15.0 W m� 2 near the 
surface (Fig. S6.1b) under cloud-free conditions. The presence of clouds 
on 07-09 at ~2.5 km (Fig. 5.1d) reduces the irradiance impact at the 
surface by half (Fig. 5.2a). The sensitivity simulation WoBCabsþscatt 
shows that scattering further reduces the downward shortwave irradi-
ance by 2.0 W m� 2 on 01-09 and by 1.0 W m� 2 on 07-09 near the sea 
(not shown). The total BC aerosol effect (synergy of absorption and 
scattering) in the downward shortwave irradiance for the whole period 
is � 7.6 W m� 2 (above the whole inner domain). Roger et al. (2006) 
based on aerosol measurements estimated BC effect equal to � 15.6 W 
m-2 near Marseilles during 5 summer days under meteorological con-
ditions more favourable to pollution events (0.2 < AOD < 0.45) than 
this study. 

The upward shortwave irradiance depicts an absolute increase with 
height (Fig. 5.2b) as the reduction is accumulated upwards and has an 
opposite behaviour to that of the absorption coefficient (Fig. 5.1a). On 
most days it is reduced in the range of ~0.8–~1.7 W m� 2 at ~4 km. The 
decreased cloud cover (Fig. 5.1d) augments the upward shortwave 
irradiance, as on 07-09, where the effect is more than doubled 
(Fig. 5.2b). Under cloud-free hypothesis, the irradiance is substantially 
reduced (e.g. by 1.5 and 1.0 W m� 2 on 01-09 and 07-09, accordingly). 
These maximum absolute values remain almost constant at higher alti-
tudes, since there is no further absorption. The spatial pattern of the 

Fig. 4. a) Total, b) shortwave, and c) longwave net (↓-↑) irradiance differences; AA-WoA for total absorption (black), AA-WoBC for BC (grey), AA-WoDust for dust 
(red), and AA-WoSS for sea salt (blue) in selected model levels for the study period. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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upward irradiance reduction follows the absorption one and reaches up 
to 8.0 W m� 2 at the model top (e.g. on 01-09; Figs. S6.1d, S3.1a). The 
impact due to scattering becomes larger at the higher levels, almost 
eliminating the absorption effect, since the reflection of the downward 
irradiance accumulates with height (not shown). Therefore, the total BC 
effect reduces the upward shortwave irradiance by 1 W m� 2 at TOA 
above the greater Greece area. Roger et al. (2006) found a 2.2 W m� 2 

reduction, correspondingly. 
The mean spatial daily profiles of the downward longwave irradi-

ance difference (Fig. 5.2c) depict a higher direct effect close to surface 
on 01-09 (~þ1.0 W m� 2) than on 07-09 (nearly zero) due to the higher 
temperature increase during this day (0.2 K, Fig. 5.1b). This is also 
observed in the spatial pattern, where a mean daily effect near the 
surface reaches up to þ4.0 W m� 2 on 01-09 (Fig. S7.1b) and up to þ2.0 
W m� 2 on 07-09 (Fig. S7.2b). The temperature impact on downward 
longwave irradiance is reduced when BC absorption is high, thus, the 
irradiance and the temperature difference profiles do not coincide; this 
is apparent on 01-09 (Fig. 5.1b and 5.2c). In addition, when both BC 
absorption and temperature increase are low, as on 07-09 (close to the 
surface, less than 4 Mm� 1 and 0.1 K, Fig. 5.1a and b), water vapour 
difference becomes significant. On this day, the water vapour (Fig. 5.1c) 
traps the upward irradiance and reemits to both directions, increasing 
the downward irradiance by 1.0 W m� 2 at 3 km where the maximum 
water vapour is located (Fig. 5.2c). 

The upward longwave irradiance difference (Fig. 5.2d) follows the 

temperature difference (Fig. 5.1b). The maximum effect on 01-09 is þ
1.0 W m� 2 above the sea (higher above land), whereas on days with 
higher BC concentrations and therefore temperature increase, this 
maximum is exceeded. On 07-09, the increase approaches 0.8 W m� 2. 
The spatial distribution reveals that locally the mean daily increase 
reaches up to 1.0 W m� 2 at the model top on the 01-09 (Fig. S7.1d), 
while it approaches 3.0 W m� 2 on 07-09 (Fig. S7.2d) due to local tem-
perature increase (Fig. S3.2b). The influence of water vapour on the 
upward irradiance is less visible than on the downward as water vapour 
absorbs the upward longwave irradiance and reemits to both directions. 

3.5. Heating rates 

The shortwave absorption has a positive impact on heating in all 
layers due to BC absoprtion. On 01-09, the mean vertical profile (above 
the sea) depicts a mean heating of 0.2 K day� 1 close to the surface, which 
decreases with height (Fig. 6.1a) and follows the BC concentrations 
(Fig. 3.1a). Unlike most other days, on 07-09, the maximum heating is 
depicted above PBL, caused by BC transferred to these levels (Fig. 3.1a) 
and consequently enhances the temperature increase (Fig. 5.1b). On 
both days, the daily spatial distribution of heating rate close to the 
surface can reach locally 1.0 K day� 1 (Figs. S8.1a,2a) responding to BC 
concentrations (Fig. S2a) and cloud differences (Fig. S3d). Ferrero et al. 
(2018) using one year experimental data (March 2015–March 2016) 
found that BC with ~1.25 μg m� 3 mean concentration in summer and 

Fig. 5. As in Fig. 3, but for the difference (AA-WoBC) of: 1a) absorption coefficient at 565 nm, 1b) daily temperature, 1c) water vapour and 1d) cloud water mixing 
ratio, 2a) downward shortwave, 2b) upward shortwave, 2c) downward longwave, and 2d) upward longwave irradiance; on 01-09 (red), 07-09 (blue), and on all other 
days (grey). The solid lines are for all sky and the dashed lines for cloud-free hypothesis. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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~1.75 μg m� 3 in autumn increases temperature in Milan at a mean rate 
of ~0.9 K day� 1 and ~0.95 K day� 1, accordingly. Roger at al. (2006) 
found that shortwave heating rate exceeds 3.0 K day� 1 for heavy 
anthropogenic pollution and 1.0 K day� 1 for light pollution. Similarly, 
Saha et al., 2008 based on measurements during selected episodes (June 
2006) found the heating rate at ~3.3 K day-1 due to polluted continental 
aerosols (AOD at ~ 0.30) transported at an urban coastal zone in 
South-eastern France. 

As the BC concentration is in general reduced with height, it enables 
the upward longwave irradiance to escape to the free atmosphere and 
causes cooling inside the troposphere (Fig. 6.1b). In the atmospheric 
surface layer, the mean spatial daily rates range between � 0.5 and � 0.3 
K day� 1. On 01-09 a heating rate of almost 0.2 K day� 1 is triggered by 
cloud dissolution. Zhou and Savij€arvi, 2014 introduced the effect of 
aerosols in a longwave radiation scheme by considering that the total 
aerosol mixture both scatters and absorbs radiation. They concluded to a 
cooling rate between 0.08 and 0.12 K day� 1 for the reference clear-sky 
mid-latitude summer case of the International Comparison of Radiation 
Codes in Climate Models. 

In general, the shortwave heating prevails over the longwave cooling 
in the atmosphere with a mean total rate up to 0.2 K day� 1 (not shown). 
However, the impact of overall radiation near the surface is cooling 
(� 0.3 K day� 1), as the longwave influence is dominant. Fig. 4a predis-
posed the negative radiation impact on heating in the surface layer; the 
net irradiance difference between the top and the base of this layer in-
dicates energy release. However, at certain hours and days, when the 
shortwave irradiance is intense (about 900 W m� 2) and BC mean con-
centrations exceed 0.6 μg m3, low heating (from 0.04 to 0.07 K day� 1) 
can occur in the surface. Mishra et al. (2014) found 0.45 K day� 1 heating 
for polluted continental aerosols through a radiative transfer model, 
corresponding to a greater load (AOD: 0.58). The scattering influence 
was included in their study. 

The remaining heating rates included in the thermodynamic equa-
tion are further analysed to explain their contribution on temperature 
increase. On most days, such as the 07-09, PBL mechanisms, mainly 
related to vertical diffusion and mixing, are enhanced by the BC ab-
sorption and contribute to the heating of the surface layer, up to 0.4 K 
day� 1 (Fig. 6.1c), whereas just above and up to ~0.5 km they cause 

Fig. 6. As in Fig. 3, but for the heating rates difference (AA-WoBC) due to 1a) the shortwave and 1b) longwave radiation, 1c) the planetary boundary layer and 2a) 
microphysics processes, 2b) the advection, and 2c) the sum of all the physical processes on 01-09 (red), on 07-09 (blue) and on all the other days (grey) over the sea. 
The black line in 2c) is the cumulative heating rate. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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cooling up to 0.4 K day� 1. On the contrary, on 01-09, the atmospheric 
surface layer is mainly affected by the cooler sea at a rate up to � 0.5 K 
day� 1, as the increased stability due to the absorption (Fig. 5.1b) de-
couples this layer from the warmer upper ones. Horizontal diffusion has 
a small contribution to heating or cooling above the sea, up to 0.15 K 
day� 1 that sharply tends to zero (not shown). Microphysics processes, 
through the latent heat, induces rates almost analogous to cloud water 
differences (Fig. 5.1d and 6.2a) but more pronounced in the surface 
(>0.2 K day� 1). The vertical (subgrid scale) convective fluxes computed 
by the cumulus scheme contribute slightly to the heating and cooling 
processes (not shown). The advection process appears to have a signif-
icant contribution to both cooling and heating throughout the atmo-
sphere (Fig. 6.2b). On 01-09, the wind speed above the mainland of 
Greece transfers more heated air masses above the sea, producing a 
heating rate of ~0.5 K day� 1. On the other hand, on 07-09, the air 
masses with BC aerosols from northwest are less heated compared to 
those over the Aegean Sea thus, they induce cooling of more than 0.2 K 
day� 1. 

Overall, on 01-09 (non-etesian day) the BC absorption adds to the 
temperature increase by up to 0.1 K day� 1 (Fig. 6.2c) and thereby in-
creases the atmospheric stability. In contrast, on 07-09 (etesian day), the 
physical processes tend to reduce temperature (Fig. 6.2c). Specifically, 
the air masses being mainly transported by the north-western flow are 
less heated by BC than the air over the study area, therefore they cause 
cooling. This is the reason why a relatively lower increase of tempera-
ture occurs during this day (Fig. 5.1b). During the whole studied period, 
the total daily sum of the heating rate due to BC absorption is less than 
0.1 K day� 1 at the atmospheric surface layer, but it increases (0.2 K 
day� 1) up to ~ 0.5 km mainly due to the advection and the radiation 
heating (black line in Fig. 6.2c). The increased values are maintained 
within the PBL (up to 2 km) as a result of the direct shortwave radiation 
absorption and determine the maximum temperature rise in these 
layers. A comparable study with WRF-Chem by Jin et al. (2016) 
considering dust absorption and scattering separately (but not the hor-
izontal diffusion and the advection heating rates) found a mean heating 
rate of ~0.4 K day� 1 for dust absorption in the Middle East in the 
summer of 2008 with 0.63 < AOD < 0.68. 

4. Conclusions 

At the Aegean Sea under a typical warm period with northern winds, 
where polluted air masses are transported from east and west, the 
simulated (WRF-Chem) total aerosol absorption leads to a tropopause 
forcing of 1.3 W m� 2 and 1.2 W m� 2, under all sky and clear sky hy-
pothesis, respectively. The main contributor is BC, trapping 1.2 W m� 2 

in the atmosphere under clear sky and 1.1 W m� 2 under all sky condi-
tions. Although the absorptivity of dust and sea salt on the longwave 
band is enhanced, their forcing is negligible under these synoptic pat-
terns (0.1 W m� 2 and nearly zero, accordingly). 

The absorption of BC reduces downward shortwave irradiance 
reaching the ground (sea and land) by 5.5 W m� 2 under all sky and 6.1 
W m� 2 under cloud-free conditions. The mean daily absolute values 
maximise above sea when BC burden is enhanced (up to 5.2 W m� 2), 
while the minimum ones are calculated during the Etesian days. The 
upward part of shortwave irradiance is also reduced by BC absorption, 
but increases its effect with height, up to 4 km, the level at which BC 
concentration tends to zero for the first time. The maximum reductions 
range between 0.8 and 1.7 W m� 2. The downward longwave radiation, 
influenced mainly by the increase of temperature, is augmented 
throughout the atmospheric column. The more pronounced influence is 
depicted in the levels where BC and/or water vapour are enhanced, 
varying from 0.3 to 2.3 W m� 2. The effect of the BC absorption on up-
ward longwave irradiance is proportional to temperature increase and 
the maximum values (þ0.4 - þ1.2 W m� 2) are located between 0.7 and 
2.5 km. 

The differences on irradiances due to BC absorption influence the 

temperature and cloud formation. The most significant temperature 
increases are calculated inside PBL up to ~3 km, with spatial daily mean 
values reaching up to 0.3 K. In cloudless areas, the mean daily increase 
can reach up to 0.8 K near the surface. The increase further alters the 
cloud formation and the cloud water mixing ratio by ~ � 10% in the 
cloudy layers. Low level clouds are reduced up to 20%; this change is 
mainly associated with temperature, thus, stability changes in the ver-
tical. For higher clouds, the reduction reaches up to ~29% and is mainly 
associated with the strong spatial variation of wind and vertical wind 
reduction. 

We further investigate how BC absorption influences the heating 
rates over the Aegean Sea that finally produce the temperature rise and 
create the semi-direct effect. It is found that BC absorption increases the 
temperature directly by the instant absorption of the radiation, and 
indirectly by the alterations it causes mainly to the advection, the ver-
tical diffusion, and latent heating processes. At the layers above ~0.5 
km, the cumulative heating (0.1–0.2 K day� 1) is mainly attributed to the 
absorption of shortwave radiation, as advection tends to bring colder air 
masses at those layers and the other physical processes contribution is 
negligible. On the other hand, between the 0.5 km and the atmospheric 
surface layer, the advection and shortwave radiation acts positively on 
the heating of the atmosphere where the vertical diffusion and mixing 
produce cooling in these layers with an overall small positive outcome. 
At the atmospheric surface layer, all physical processes, altered by BC 
absorption, act together to a different extent in order to heat or cool the 
layer, with a small total outcome (less than 0.1 K day� 1). Nevertheless, it 
is interesting to note that although the shortwave radiation heats the 
surface layer, longwave radiation cools it at a higher rate; therefore, 
total radiation direct absorption has a cooling tendency up to 0.2 K 
day� 1 at the layer where the highest BC concentration is located. 
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