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Abstract: Brown carbon is a type of carbonaceous aerosol with strong light absorption in the ultra-
violet and visible wavelengths that leads to radiative forcing. However, it is difficult to correlate
the chemical composition of brown carbon with its atmospheric light absorption properties, which
translates into significant uncertainty. Thus, a time-dependent density functional theory (TD-DFT)
approach was used to model the real-world absorption properties of 14 polycyclic aromatic hydrocar-
bons (PAHs) over three regions of the Basque Country (Spain): Bilbao, Urretxu, and Azpeitia. The
data were corrected for atmospheric concentration. The results show that the absorption spectra
over each region are qualitatively identical, with the absorption intensities being significantly higher
over Bilbao than over Azpeitia and Urretxu. Furthermore, it was found that the light absorption
by PAHs should be more relevant for radiative forcing when it occurs at UVA and (sub)visible
wavelengths. Finally, among the 14 studied PAHs, benzo[b]fluoranthene, pyrene, fluoranthene,
benzo[a]pyrene, and benzo[k]fluoranthene and benzoperylene were identified as the molecules with
larger contributions to radiative forcing.

Keywords: brown carbon; polycyclic aromatic hydrocarbons; radiative forcing; absorption spectra;
density functional theory; organic aerosols

1. Introduction

Light-absorbing aerosols have been receiving significant attention during the past few
years, due to the increasing realization of their important role in radiative forcing [1-4]. A
large proportion of this type of aerosol is composed of carbonaceous components, such as
black carbon (BC) and brown carbon (BrC) [2,5]. While BC is known to be an important
absorber due to its strong light absorption, the properties and importance of BrC are still
poorly understood.

Absorption of solar radiation by BrC in the ultraviolet (UV) and (sub)visible wave-
lengths accounts for ~20-40% of aerosol absorption at 350 nm and 27% at 404 nm (absorp-
tion at 536 nm is negligible) [6-8]. Some authors even state that BrC dominates absorption
by aerosols at specific wavelengths and/or specific regions of the globe [9,10]. While the
mass absorption of BrC can be lower than that of BC, UV absorption by carbonaceous
aerosols becomes relevant due to its sheer abundance in continental aerosols [5]. Despite
this, many climate models still downplay the contribution of BrC to light absorption [10,11],
which could explain why there are still significant differences between model predictions
of aerosol-related radiative forcing and real measurements [3,12].

Understanding the photophysics of BrC aerosols is essential for the accurate mod-
eling of radiative forcing. However, quantitatively predicting the contribution of BrC
aerosol to light absorption is not trivial: while the optical properties of organic compounds
depend on their molecular structures, there is a lack of detailed information on the com-
position of BrC and its impact on absorption spectra [3,13]. BrC aerosols, which can also
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be generated by atmospheric processes such as oxidation and solar irradiation [11,14,15],
are composed of diverse structures with different light-absorption properties: polycyclic
aromatics (and their oxygenated and nitrated derivatives), phenols, biopolymers, or humic-
like substances [2,16,17]. Furthermore, both the concentration and composition of BrC can
change significantly across emission locations and sources [3,13]. Online (real-time) light
absorption measurements of BrC are complex, and the results differ from those provided
by offline methods (e.g., solvent extraction of pollutants) [18].

Despite such uncertainties, polycyclic aromatic hydrocarbons (PAHs) have been iden-
tified as ubiquitous compounds [19], act as important chromophores in BrC [4,5,8,20], and
are among the most recurrent environmental contaminants, being classified as persistent
environmental pollutants [21,22]. While PAHs can be emitted into the atmosphere in
natural burning events, the main contribution comes from anthropogenic sources, such as
motor vehicle exhaust, coal burning, and industrial activities [23].

Obtaining reliable atmospheric light absorption measurements of PAHs is important
for understanding and predicting the radiative forcing effect of BrC aerosols. Herein, this
study aims to use a computational chemistry approach to model the real-world absorption
spectra of atmospheric PAHs by considering their experimental atmospheric concentration
and speciation. This approach can determine which PAHs have higher radiative forcing
potential: the most relevant regions in their UV and visible spectra are identified in terms of
radiative forcing, and their light absorption is correlated to individual species. The obtained
data will be invaluable for the prediction of real-world light absorption measurements of
BrC aerosols over different regions of the globe, which is essential for the development of
accurate global models to predict and mitigate the radiative forcing effects of BrC.

Modeling efforts rely on a density functional theory (DFT) approach, which has been
increasingly and successfully used in the field of environmental sciences, for example, to
determine reaction mechanisms and energetics in systems and reactions of environmental
concern [24-27]. Besides providing reliable results, DFT calculations present some advan-
tages over experimental studies since they do not require a large number of steps, as is the
case in chemical synthesis, separation/purification, and characterization. DFT can also
be extended to account for the time-dependent (TD) nature of electromagnetic waves and
used to model excited states [28]. DFT calculations are also the most widely used approach
to model the structure, photophysics, and photochemistry of organic molecules, including
BrC [29-32].

The developed model is based on the speciation and quantification of PAHs over the
atmosphere of three regions of the Basque Country, an autonomous region in Northern
Spain. One dataset was provided by the work of Elorduy et al., who collected PM; samples
between July and December 2013 in an urban area of the city of Bilbao [33]. The other
dataset was provided by the work of Oleagoitia et al., who collected PM;.5 samples between
October 2011 and October 2012 in Azpeitia and Urretxu, two villages in Gipuzkoa, an
area characterized by an industrial sector focused on iron and steel [34]. The former study
identified 13 PAHs (mean concentration of 0.06-0.69 ng m3 ), while the latter identified
11 PAHs (mean concentration of 0.05-0.19 ng m~3) (Table S1, Supplementary Materials).

Our group previously used a similar computational approach to model the real-
world absorption spectra of PAHs over the atmosphere of four cities: Porto (Portugal),
Florence (Italy), Athens (Greece), and Seoul (South Korea) [35,36], and concluded that
in all cities, PAHs should contribute to radiative forcing mainly through light absorp-
tion in the UVB/UVA region of the spectrum, but also moderate light absorption in the
blue region of the visible spectrum. PAHSs such as fluoranthene, benzo[a]anthracene,
dibenzo[a,h]anthracene, and coronene were identified as main contributors to UV absorp-
tion, while PAHSs such as benzoperylene, benzo[a]pyrene, and indenopyrene as capable of
visible light absorption. Interestingly, our calculations identified Porto as the most affected
by PAH-induced radiative forcing among the studied cities. By expanding this modeling
effort to more regions of the world, we expect to develop a more comprehensive and global
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assessment of the effect of PAHs on radiative forcing, which is needed in order to develop
more global climate models, including BrC aerosols.

2. Computational Methods

For this study, 14 PAHs (naphthalene (NAP), phenanthrene (PHE), fluoranthene (FLUO),
pyrene (PYR), benzo[a]anthracene (BaA), chrysene (CHRY), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), benzoperylene (BghiP), indenopyrene
(IdP), fluorene (FLU), dibenzo[a,h]anthracene (DahA) and anthracene (ANTH)) (Figure S1)
were computed and then corrected with their experimental atmospheric concentrations
over three Basque Country regions (Table S1), which were extracted from the works of
Elorduy et al. and Oleagoitia et al. [33,34].

The present calculations were performed with the Gaussian 09 program package [37]
at two levels of theory. All calculations were made in the gas phase. Calculations were
performed with stable wavefunctions with a closed-shell approach. First, the geometries of
each PAH were optimized by using the PBEO density functional [38] and the 6-31G(d,p)
basis set, while vibrational calculations were made at the same level of theory to ensure
that the obtained structures were at the minima in their potential energy surface. This
functional was chosen because it provides accurate geometric optimization of organic
molecules [39-42].

The absorption properties (oscillator strength and absorption wavelengths) were
calculated by performing single-point vertical excitation calculations with a TD-DFT ap-
proach, by computing 10 singlet excited states on top of the structures obtained at the
PBEO0/6-31G(d,p) level of theory. These single-point calculations were performed with
a 6-31+G(d,p) basis and 4 density functionals: BP86, PBEO, B3LYP, and wB97XD. BP86
is a generalized gradient approximation (GGA) functional composed of the Becke 1988
and Perdew 86 correlation functionals [43]. BP86 was previously used in the study of
the real-world absorption spectra of PAHs (and derivatives) over different locations of
the globe [35,36]. PBEQ is a hybrid functional that mixes the Perdew—Burke-Ernzerhof
(PBE) exchange energy and Hartree-Fock exchange energy, along with full PBE correlation
energy [38]. B3LYP is another hybrid functional, which uses the non-local correlation
provided by the Lee-Yang-Parr (LYP) expression and VWN functional III for local cor-
relation [43]. Finally, wB97XD is a long-range-corrected hybrid functional that includes
empirical dispersion [44]. PBEO and B3LYP generally provide accurate estimates for local
n—7* and m—7* states, while functionals such as wB97XD are typically required for either
charge-transfer (CT) or Rydberg transitions [28].

The absorption spectrum for individual PAH species was plotted with SpecDis soft-
ware (version 1.71) [45], based on the 10 singlet excited state transitions calculated at the TD
(BP86, PBEQ, B3LYP, or wB97XD)/6-31+G(d,p) level of theory. The curves were generated
with a Gaussian band shape and a peak broadening of 0.16 eV. The combined theoretical
absorption spectrum of all PAHs was obtained by summing the individual spectra, without
considering the experimentally obtained concentrations, resulting in absorption intensities
only composed by ¢ (mol~! em~1) [45]. The next step was to correct the intensity values of
this spectrum by considering the experimentally obtained concentrations of target PAHs
for each of the three Basque Country regions, which was achieved by multiplying the
theoretical absorption intensity (¢) of each PAH by its atmospheric concentration (ng m~3),
resulting in absorption intensities expressed as absorption per concentration (¢ x ng m~3).
The global spectrum was obtained as the sum of individual spectra.

This computational approach was successfully used by our group to model the real-
world absorption spectra of different PAH datasets present in the atmosphere over different
regions in Europe and Asia [35,36].

3. Discussion and Results

The combined absorption spectra of the PAHs found over different regions of Basque
Country (Spain), when calculated with BP86 and corrected for their mean experimental
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concentrations, are presented in Figure 1. The absorption spectrum over Azpeitia consists
of two stronger peaks at ~300 and ~330 nm (UVB and UVA regions); three peaks of more
moderate intensity at ~220, ~230, and ~425 nm (UVC and visible regions); and a weaker
band at ~380 nm (UVA region). The absorption spectrum for Urretxu, the other location
in the Gipuzkoa region, is identical to that found for Azpeitia. Nevertheless, we can see
the decrease of relative importance of the peak at ~230 nm and the appearance of small
shoulders at ~250 and ~265 nm. Interestingly, the major difference between the absorption
spectra of the two Gipuzkoa locations may be their intensity, which is higher in Azpeitia
than in Urretxu. This indicates that these PAHs could lead to higher radiative forcing
effects in the former than in the latter, which is not unexpected, given that the mean
concentration of PAHs is slightly higher over Azpeitia (0.90 ng m~3) than over Urretxu
(0.73ng m~3), as seen in Table S1. Regarding Bilbao, the most notable difference between
its related absorption spectrum and the spectra for the Gipuzkoa region (Figure 1) is also
the absorption intensity. More specifically, while the maximum absorption intensity is just
~10,000-12,000 e x ng m~3 in the latter region, in Bilbao the maximum absorption is about
six times higher (~60,000 e x ng m~3). Thus, Bilbao should be subjected to significantly
more PAH-induced radiative forcing than the Gipuzkoa region. Once again, this is not
unexpected, as the mean concentration of PAHs over Bilbao (3.29 ng m~3) is higher than in
Azpeitia and Urretxu (0.79-0.90 ng m~3) [33,34]. What is interesting is that the difference
between absorption intensities is about six times higher than the difference between mean
concentrations (about 3.5-4.5 times). Thus, the contribution of PAHs to radiative forcing in
certain locations/regions could be more problematic than expected if we just consider the
obtained mean concentrations.
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Figure 1. Combined theoretical absorption spectra of PAHs, corrected for their experimental mean concentrations, over
Azpeitia, Urretxu, and Bilbao using BP86/6-31+G(d,p) [33,34]. (left) absolute values; (right) normalized values.

As for the concentration-corrected absorption spectra, computed at the TD PBE0/6-
31+G(d,p) level of theory, the results can be found in Figure 2. The spectra are qualitatively
identical among the three locations, being composed of three stronger bands at ~270,
~255, and ~300 nm (UVC and UVB regions); three moderate bands at ~345, ~400, and
~235 nm (UVA, UVC, and a small extent of the visible region); and a weaker band at
~215 nm (UVC region). Thus, these results indicate that PBEO predicts an absorption
spectrum more blue-shifted (Figure 2) than that generated with BP86 (Figure 1). That is,
light absorption is more intense in the UVC-UVB than the UVB-UVA range. There are no
other major qualitative differences between the spectra calculated with the two methods.
In terms of intensity difference, PBEQ also predicts similar absorption intensity over the
Gipuzkoa region, with the absorption over Bilbao being significantly higher. Furthermore,
the difference in absorption intensity between Bilbao and the Gipuzkoa region (4-5 times)
is still higher than the simple difference in atmospheric concentration of PAHs (about
3.5-4.5 times).
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Figure 2. Combined theoretical absorption spectra of PAHs, corrected for their experimental mean concentrations, over
Azpeitia, Urretxu, and Bilbao using PBE0/6-31G(d,p) [33,34]. (left) absolute values; (right) normalized values.
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The absorption spectra, computed with the B3LYP functional and corrected for the
experimental concentration of PAHs, can be found in Figure 3. The results are similar
to those obtained with PBEQ (Figure 2) and BP86 (Figure 1), with some differences. The
two stronger peaks (which are somewhat mixed) are at ~265 and ~270 nm (UVC region),
followed by two relevant bands at ~240 and ~305 nm (UVC and UVB regions). Another
moderate band can be found at ~360 nm (UVA region), with a weaker band in the visible
region (~415 nm). These results can be considered as somewhat intermediate compared
to those obtained with PBEO and BP86, as the results obtained with B3LYP (Figure 3) are
red-shifted compared to those obtained with PBEQ (Figure 2), and not as red-shifted as
BP86 (Figure 1). The absorption intensity over Bilbao is once again 4-5 times higher than in
the Gipuzkoa region.
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Figure 3. Combined theoretical absorption spectra of PAHs, corrected for their experimental mean concentrations, over
Azpeitia, Urretxu, and Bilbao using B3LYP/6-31+G(d,p) [33,34]. (left) absolute values; (right) normalized values.

Finally, the absorption spectra computed at the TD wB97XD/6-31+G(d,p) level of
theory, when corrected for the mean atmospheric concentration of the studied PAHs, can be
found in Figure 4. This functional provides the most blue-shifted results, with the spectra
being composed of two stronger bands at ~245 and ~215 nm (UVC region), followed by
moderate absorption at ~275 and ~325 nm, and a weaker absorption band can be found at
~380 nm (Bilbao) and ~365 nm (Gipuzkoa region). Once again, the difference in intensity
between Bilbao and the Gipuzkoa region is 4-5 times.

It should be noted that while the absorption intensity of PAHs over Bilbao was found
to be significantly higher than over Azpeitia/Urretxu, it is still significantly lower com-
pared to other important Southern European cities. While the maximum light absorption
intensity found for Bilbao was 60,000 e x ng m~3 (with BP86, Figure 1), the same func-
tional calculated an absorption intensity maxima of ~100,000-400,000 e x ng m~2 for Porto
(Portugal), Florence (Italy), and Athens (Greece) [36]. This indicates that Bilbao is still
relatively protected from PAH-induced radiative forcing, at least when compared with
other Southern European cities.
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Figure 4. Combined theoretical absorption spectra of PAHs, corrected for their experimental mean concentrations, over
Azpeitia, Urretxu, and Bilbao using wB97XD/6-31+G(d,p) [33,34]. (left) absolute values; (right) normalized values.

In summary, the absorption spectra of PAHs are qualitatively similar for all locations
(Bilbao, Azpeitia, and Urretxu) regardless of the employed functional, with the absorption
intensities being similar in the Gipuzkoa region but significantly lower than in Bilbao. The
main difference is the position in the bands. Figure 5 presents the normalized absorption
spectrum over Bilbao (as a representative example) calculated with all functionals. We
can see that the number and shape of the bands are similar, with each functional simply
shifting the maximum wavelength. For example, we can see that the band computed by
wB97XD at ~380 nm corresponds to the band found at ~400—425 nm (Figure 5). Similarly,
the bands found at ~380 (BP86), ~360 (B3LYP), ~345 (PBE0), and ~325 nm (wB97XD) should
correspond to the same maximum wavelength (Figure 5). The bands at ~330 (BP86), ~305
(B3LYP), ~300 (PBEO), and ~275 nm (wB97XD) should correspond to the same band in the
real-world absorption spectra. The same can also be said for the bands found in the UVC
region. Given these data, there is general agreement between the calculations with different
functionals that stronger light absorption occurs in the UVC and UVB regions, with more
moderate absorption in the UVA region and weaker absorption in the visible region.

Bilbao

100+
— wBe7XD

— B3LYP
--- BP86

- PBEO
50+

0 5 S

150 200 250 300 350 400 450 500 550 600
Wavelength {(nm)
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Figure 5. Normalized combined theoretical absorption spectra of PAHs, corrected for their experimen-
tal mean concentrations over Bilbao, using BP86/6-31+G(d,p), PBE0/6-31G(d,p), B3LYP/6-31+G(d,p),
and wB97XD/6-31+G(d,p) [33,34].

At this point of the study, it is important to note that UVC radiation is completely fil-
tered by the atmosphere. Moreover, not much ground-level solar insolation at ~290-300 nm
is expected due to ozone absorption [46]. Thus, the only bands that should be relevant for
PAH-induced radiative forcing are those with wavelengths above that threshold: ~330,
~385, and ~425 nm for BP86; ~345 and ~400 nm for PBEO; ~305, ~360 and ~415 nm for
B3LYP; and ~325 and ~365-380 nm for wB97XD. We can see that there is qualitative agree-
ment between all functionals. The results are also in line with BrC-related measurements.
More specifically, it was reported that BrC contributes ~20-40% to aerosol absorption at
350 nm and 27% at 404 nm, with almost negligible absorption at 536 nm [6-8]. These values
are in line with the absorption bands found at ~330-385 and ~400-425 nm predicted here
(Figures 2—4). These reported values also indicate that wB97XD excessively blue-shifts the
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absorption spectra, while the other functionals predict light absorption at wavelengths
more closely related to BrC measurements.

Subsequently, the next step of the study was to decompose the absorption intensity of
the bands referred to above into the relative contribution of individual PAHs (Tables S2-S9).
It should be noted that we excluded the absorption band found at ~330 nm for BP86, as it
appeared to correspond to the bands found at ~275-305 nm for other methods.

Starting with calculations made with the BP86 functional, the contributions of PAHs
to light absorption at ~380 nm (as predicted by BP86) can be found in Table S2. BbF is
the major contributor in all cases (51-58%), followed to a lesser extent by FLUO (16-21%),
PYR (7-14%), and IdP (7-11%). The relative contributions to absorption at ~425 nm
(computed with BP86) can be found in Table S3. Once again, there is a major contributor
to the absorption intensity at this wavelength: BghiP (30-60%), and its contribution is
significantly higher in Azpeitia/Urretxu (49-60%) than in Bilbao (30%). BaP, BKE, and IdP
are also relevant contributors at similar levels in all locations.

As for the PBEO-related results, the individual contributions of PAHs to light absorp-
tion at ~345 nm can be found in Table S4. The results are quite similar in all locations, with
96% of light absorption being explained by contributions from BbF (31-41%), PYR (26-32%),
CHRY (15-16%), and FLUO (13-17%). As for light absorption at ~400 nm (Table S5), the
most relevant contributions are from BghiP (22-50%), BbF (23-37%), BKF (12-19%), and BaP
(9-11%). Interestingly, while in the Gipuzkoa region BghiP is clearly dominant (40-50%),
in Bilbao it is not (22%). In the latter region, BbF is clearly dominant (37%), while it shows
more moderate contributions in Azpeitia/Urretxu (23-27%).

The individual contributions of PAHs (as computed with B3LYP) to absorption at
~360 nm can be found in Table S6. The results are very similar to those computed with
PBEQ (Table S4), with light absorption being explained mainly by contributions from BbF
(42-49%), PYR (23-28%), FLUO (13-15%), and CHRY (10%). The main difference between
B3LYP and PBEQ is that the former predicts higher contributions from BbF than the latter,
with varying decreased contributions of the other PAHs. In terms of the contributions to
absorption at ~410 nm (Table S7), B3LYP predicts that the main contributors are BghiP
(34-54%), BKF (15-27%), BaP (15-23%), and BaA (4-7%). Once again, BghiP is dominant in
Azpeitia/Urretxu (53-64%), while in Bilbao its contribution (34%) is similar to that of BkF
(27%).

Finally, the decomposition of light absorption at ~325 nm into individual contributions
from PAHs (for wB97XD) can be found in Table S8. Here, the main contributors are BbF
(44-53%), PYR (18-23%), FLUO (14-16%), and CHRY (8%). As for the contributions to
light absorption at ~365-380 nm (Table S9), the main contributors are BghiP (21-75%), BaP
(9-53%), BKF (1-12%), BaA (2-8%), and IdP (3-19%). Interestingly, at this wavelength, the
wB97XD functional predicts major differences between locations. For one, while BghiP
makes significant contributions in Azpeitia/Urretxu (65-75%), in Bilbao this PAH makes
only a moderate contribution (21%), with a value similar to that presented by IdP (19%).
This PAH was also found to be relevant by BP86 calculations, but not by B3LYP/PBEO
computations. For Bilbao, the wB97XD functional predicted BaP as the main contributor
(53%).

Having analyzed these findings, it is interesting to note that while calculations with
different functionals show general agreement with the number and position of absorption
bands, the relevance of each PAH can vary significantly.

Considering the most red-shifted absorption band provided by each functional
(Tables S3, S5, 57, and S9), all calculations agree qualitatively that BaP, BghiP, and BkF pro-
vide relevant contributions. However, BP86 and wB97XD predict moderate contributions
from IdP, while this PAH was found to be not relevant by PBEO and B3LYP calculations.
BaA is another PAH found to have nonnegligible contributions by some functionals (B3LYP
and wB97XD) but not others (PBE0 and BP86). Finally, only PBEQ predicts relevant contri-
butions from BbF in the visible region.
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As for the more blue-shifted absorption bands in the UVA region (Tables S2, 54, S6,
and S8), calculations with the four functionals agree on the relevance of the contributions
made by BbE, PYR, and FLUO. Three functionals (B3LYP, PBEQ, and wB97XD) also agree on
the relevance of CHRY, with BP86 instead predicting contributions from IdP. Nevertheless,
the level of agreement regarding individual contributions made by PAHs for the band at
~325-380 nm (depending on the functional used) appears to be greater than for the band at
~365/380-425 nm (once again, depending on the functional).

In conclusion, and despite some functional-dependent variability, these calculations
agree that the studied PAHs should induce radiative forcing in the target Basque Country
regions by light absorption at the “middle” of the UVA region and at short (sub)visible
wavelengths. The potentially most problematic PAHs in the UVA region were found to be
BbF, PYR, and FLUO, with some doubt regarding the importance of CHRY and IdP. As for
the absorption at short (sub)visible wavelengths, BaP, BkF, and BghiP were consistently
found to be problematic PAHSs, while the contributions made by IdP, BaA, BghiP, and BbF
to radiative forcing in this region require further study.

Finally, it should be noted that differences between the absorption spectra simulated
in this work and those from the real world are expected. In the atmosphere, PAHs are
susceptible to degradation and can be transformed into secondary organic aerosols (e.g.,
conversion of PAHs into oxygenated and nitrated derivatives). Furthermore, since we are
working with mean atmospheric concentration values, and studies typically do not indicate
the concentrations obtained for each measured sample, we are not able to model daily
real-world absorption spectra. We are still at the beginning of the use of computational
chemistry to model real-world absorption spectra of BrC, and studies of this sort show the
intrinsic absorption properties of these PAHs at target sites. Moreover, if real-world spectra
are obtained by other means, the differences between them and the models presented here
can point to the processes that determine the light absorption of PAHs in the atmosphere.

4. Conclusions

In this work, the real-world light absorption spectra of 14 PAHs over three regions of
the Basque Country (Spain)—Azpeitia and Urretxu in the Gipuzkoa region and Bilbao—
were modeled to identify the most significant absorption regions for PAH-induced radiative
forcing. The theoretical absorption spectrum for each PAH at each sampling site was
calculated using a TD-DFT approach with four density functionals, corrected with the
experimental concentration, and the resulting data were combined to generate real-world
absorption spectra.

Our results indicate that the combined absorption spectra of the PAHs over the
different regions are qualitatively identical, with the main difference being the absorption
intensity. More specifically, light absorption by PAHs appears to be more intense over
Bilbao than in the Gipuzkoa region, meaning that the former should be subjected to more
PAH-induced radiative forcing than the latter.

The theoretical calculations also indicate that PAH-induced radiative forcing over
the studied regions should be limited to light absorption at the UVA and (sub)visible
regions of the spectrum. Specifically, benzo[b]fluoranthene, pyrene, and fluoranthene
were consistently found to be relevant for absorption at the UVA region, while some
doubt about the relevance of chrysene and indenopyrene remained. As for absorption at
(sub)visible wavelengths, benzo[a]pyrene, benzo[k]fluoranthene, and benzoperylene were
identified as problematic PAHs, while the magnitude of light absorption by indenopyrene,
benzo[a]anthracene, and benzo[b]fluoranthene still requires further study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/suschem?2040033/s1, Figure S1: Chemical structures of studied PAHs; Figure S2: Map showing
location of sampling sites; Cartesian coordinates of naphthalene (NAP), phenanthrene (PHE), fluo-
ranthene (FLUO), pyrene (PYR), ben-zo[a]anthracene (BaA), chrysene (CHR), benzo[b]fluoranthene
(BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), benzoperylene (BghiP), indenopyrene (IdP),
fluorene (FLU), dibenzo[a h]anthracene (DahA), and anthracene (ANTH); Table S1: Experimental
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mean concentration of PAHs over Azpeitia, Urretxu, and Bilbao; Table S2: Relative contribution (in
%) of individual PAHs to absorption intensity at ~380 nm over Azpeitia, Urretxu, and Bilbao using
BP86/6-31+G(d,p); Table S3: Relative contribution (in %) of individual PAHs to absorption intensity
at ~425 nm over Azpeitia, Urretxu, and Bilbao using BP86/6-31+G(d,p); Table S4: Relative contribu-
tion (in %) of individual PAHs to absorption intensity at ~345 nm over Azpeitia, Urretxu, and Bilbao
using PBE0/6-31G(d,p); Table S5: Relative contribution (in %) of individual PAHs to absorption
intensity at ~400 nm over Azpeitia, Urretxu, and Bilbao using PBE0/6-31G(d,p); Table S6: Relative
contribution (in %) of individual PAHs to absorption intensity at ~360 nm over Azpeitia, Urretxu,
and Bilbao using B3LYP/6-31+G(d,p); Table S7: Relative contribution (in %) of individual PAHs
to absorption intensity at ~410 nm over Azpeitia, Urretxu, and Bilbao using B3LYP/6-31+G(d,p);
Table S8: Relative contribution (in %) of individual PAHs to absorption intensity at ~325 nm over
Azpeitia, Urretxu, and Bilbao using wB97XD/6-31+G(d,p); Table S9: Relative contribution (in %) of
individual PAHs to absorption intensity at ~365 nm over Azpeitia and Urretxu and ~382 nm over
Bilbao using wB97XD/6-31+G(d,p); Table S10: Scope of selected datasets; Table S11: Summary of
experimental datasets on which this is study was based.
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