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Abstract. The global atmospheric budget and distribution of
monocyclic aromatic compounds is estimated, using an atmospheric chemistry general circulation model. Simulation
results are evaluated with an ensemble of surface and aircraft
observations with the goal of understanding emission, production and removal of these compounds.
Anthropogenic emissions provided by the RCP database
represent the largest source of aromatics in the model
( ' 23 TgC year−1 ) and biomass burning from the GFAS
inventory the second largest (' 5 TgC year−1 ). The simulated chemical production of aromatics accounts for
' 5 TgC year−1 . The atmospheric burden of aromatics sums
up to 0.3 TgC. The main removal process of aromatics
is photochemical decomposition (' 27 TgC year−1 ), while
wet and dry deposition are responsible for a removal of
' 4 TgC year−1 .
Simulated mixing ratios at the surface and elsewhere in the
troposphere show good spatial and temporal agreement with
the observations for benzene, although the model generally
underestimates mixing ratios. Toluene is generally well reproduced by the model at the surface, but mixing ratios in
the free troposphere are underestimated. Finally, larger discrepancies are found for xylenes: surface mixing ratios are
not only overestimated but also a low temporal correlation is
found with respect to in situ observations.

1

Introduction

Volatile organic compounds (VOCs) play a significant role
in the chemistry of the troposphere and in ozone formation (Atkinson, 2000; Seinfeld and Pandis, 2012). Within the

VOCs class, aromatic compounds form a subgroup of special interest: in the troposphere of urban and semi-urban areas, aromatic hydrocarbons comprise a major fraction (up to
60 %) of the VOCs (Lee et al., 2002; Ran et al., 2009). Consequently, they are highly relevant for ozone formation in these
areas (Kansal, 2009; Barletta et al., 2005; Koppmann, 2008)
as they can be responsible for up to 50 % of the total ozone
formation potential (Tan et al., 2012). Even in rural areas,
high levels of aromatics have been reported, summing up to
35 % of the total VOCs (Guo et al., 2006; You et al., 2008).
Typical benzene and toluene mixing ratios fall within the
0.1–10 pmol mol−1 range. Estimated lifetimes are 2 days for
toluene and 2 weeks for benzene (Koppmann, 2008). These
lifetimes are long enough to allow the compounds to reach
downwind areas far from sources, as for instance the Sahara
desert (Yassaa et al., 2011).
Aromatic VOCs are emitted by a range of sources. They
form a relevant fraction of fossil fuels, and they are released into the atmosphere by combustion (i.e., gasoline
and diesel engines), gasoline evaporation, solvent usage, and
spillage (Sack et al., 1992; Kim and Kim, 2002; Na et al.,
2004; Baek and Jenkins, 2004). In urban air masses benzene,
toluene, ethylbenzene, xylenes, styrene and trimethylbenzenes are highly present (Koppmann, 2008). After anthropogenic emissions, biofuel and biomass burning are the second largest sources of aromatics. They are important sources
of benzene, toluene and phenol in tropical and boreal areas (Fu et al., 2008; Henze et al., 2008; Andreae and Merlet, 2001). Finally, only toluene is considered to be biogenically emitted as it has been shown by the MEGAN model in
(Guenther et al., 2012), although a recent study pointed out
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Table 1. Aircraft and surface measurements of aromatics that are used for comparison with model simulations.
Site name

Time

Location

Reference

Surface measurements
Karachi
43 cities
28 cities
12 sites
Rome
Antwerp
Paris
Kolkata
Pear River Delta
Boreal forest
Mount Tai
Welgegund
Oil refinery
Kathmandu
Algiers
Rio de Janeiro
Windsor
Delhi
Ankara
Bangkok
6 sites
EMEP
EEA

Dec 1998–Jan 1999
Jan–Feb 2001
1999–2005
1996
1992–1993
Sep 2003–Oct 2005
2010
Mar–Jun 2006
Aug 2001–Dec 2002
Apr 2000–Apr 2002
June 2006
Feb 2011–Feb 2012
1997
Jan–Feb 2003
Nov 1999
Jan 2001
2004–2006
Oct 2001–Sep 2002
Jan–Jun 2008
Jul 2008
Nov 1999
2005
2005

Pakistan
China
US
UK
Italy
Belgium
France
India
China
Finland
China
South Africa
Greece
Nepal
Algeria
Brazil
Canada
India
Turkey
Thailand
Sahara desert
Europe
Europe

Barletta et al. (2002)
Barletta et al. (2005)
Baker et al. (2008)
Derwent et al. (2000)
Brocco et al. (1997)
Buczynska et al. (2009)
Dolgorouky et al. (2012)
Dutta et al. (2009)
Guo et al. (2006)
Hakola et al. (2003)
Inomata et al. (2010)
Jaars et al. (2014)
Kalabokas et al. (2002)
Yu et al. (2008)
Kerbachi et al. (2006)
Martins et al. (2007)
Miller et al. (2012)
Hoque et al. (2008)
Yurdakul et al. (2013)
Suthawaree et al. (2012)
Yassaa et al. (2011)
Tørseth et al. (2012)
EEA (2014)

Aircraft measurements
Caribic aircraft (∼ 11 km)

2005–2012

that biogenic emissions of simple aromatics could be equal in
importance to anthropogenic emissions (Misztal et al., 2015).
The primary atmospheric oxidation pathway of benzene
and alkyl-substituted benzenes is via the reaction with OH,
followed by the reaction with NO3 (Atkinson, 2000, and references therein). The oxidation products of aromatic compounds contribute to ozone formation and production of secondary organic aerosol (SOA) (Odum et al., 1997; Butler
et al., 2011).
In addition, there are a variety of chemical processes in the
atmosphere that involve aromatic oxidation products, which
can influence OH recycling in the atmosphere. For instance,
ortho-nitrophenols are species of interest due to their HONOproduction upon photolysis (Bejan et al., 2006; Chen et al.,
2011). Moreover, nitrophenols are emitted directly into the
atmosphere by traffic and biomass burning (Tremp et al.,
1993; Mohr et al., 2013).
Many aromatic compounds can be dangerous for humans,
animal life and plants (Ciarrocca et al., 2012; Snyder et al.,
1993). For instance, benzene is known to be carcinogenic
(Snyder et al., 1993); toluene and xylenes can have severe
effects on the neural system (WMO, 2000; Sarigiannis and
Gotti, 2008); and nitrophenols have acute toxicity for huAtmos. Chem. Phys., 16, 6931–6947, 2016

global/multiple
locations

Baker et al. (2008)

mans and plants (Natangelo et al., 1999; Michałowicz and
Duda, 2007). Due to the high noxiousness and atmospheric
impacts, aromatics have been the subject of monitoring and
measurement campaigns (see Table 1), aiming at establishing control strategies for environmental and human health
protection.
For these reasons, it is important to have a correct model
description of aromatic compounds in the atmosphere, and
to have a detailed knowledge of their budget, as this will improve our understanding of their photochemical production
yields (Lewis et al., 2000).
However, so far only a few regional or global-scale studies focused on aromatics, e.g. (Henze et al., 2008; Hu et al.,
2015; Lewis et al., 2013), while most of the global studies
on VOCs only focused on aliphatic hydrocarbons (e.g. Millet et al., 2010; Pozzer et al., 2010; Fu et al., 2008; Paulot
et al., 2011; Fischer et al., 2014). To our knowledge, this is
the first comprehensive atmospheric budget study on major
monocyclic aromatics in the gas phase.
This work focuses on the gas phase chemistry of simple aromatics, hence neglecting any SOA production. Other
global studies as Henze et al. (2008) include SOA production
as they were focused on the aerosol phase.
www.atmos-chem-phys.net/16/6931/2016/
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Table 2. Total annual anthropogenic emissions for the different
emission scenarios in TgC year−1 .
Scenario
RCP
LIT

Benzene

Toluene

Xylenes

6.35
3.24

6.68
5.48

5.66
4.13

reference
Lamarque et al. (2010)
Fu et al. (2008)

In this work we focus only on the most abundant simple aromatics: benzene (C6 H6 ), toluene (C7 H8 ), xylenes
(C8 H1 0), phenol (C6 H6 O), styrene (C8 H8 ), ethylbenzene
(C8 H1 0), trimethylbenzenes (C9 H1 2) and benzaldehydes
(C7 H6 O). The purpose of this study is to (1) simulate the
aromatic compounds in the atmosphere with an atmospheric
chemistry general circulation model; (2) evaluate the model
results by comparing different simulated emission scenarios
with atmospheric observations from a number of surface and
aircraft campaigns and monitoring stations; (3) provide an
estimate of the global atmospheric budget of the most abundant aromatic species in the atmosphere.
In Sect. 2 we present the model setup, including a detailed description of the chemical oxidation mechanism of
the aromatic compounds, emissions and sinks. A detailed description of the observations used for the model evaluation is
given in Sect. 3. A comparison of model results with the observations is shown in Sect. 4. Finally, we discuss the atmospheric budget of aromatic compounds in terms of sources,
sinks and spatial distribution (Sect. 5), followed by the conclusions and outlook.
2

Model description and setup

We use the ECHAM/MESSy Atmospheric Chemistry
(EMAC) model1 . EMAC is a numerical chemistry and climate simulation system which includes the 5th generation European Centre Hamburg general circulation model
(ECHAM5, Roeckner et al. (2006)) as the core atmospheric
model. Several submodels describing atmospheric processes
are connected via the Modular Earth Submodel System
(MESSy2.50) (Jöckel et al., 2010).
For this study, we use the T63L31ECMWF resolution,
which corresponds to a horizontal resolution of T63 with
spherical truncation (i.e., a Gaussian grid of approx. 1.9◦ ×
1.9◦ in latitude and longitude). In this setup, the model has
31 vertical hybrid pressure layers up to 10 hPa. The simulation was nudged towards ECMWF analysis data for a realistic representation of tropospheric meteorology (Jeuken et al.,
1996). In order to have the same atmospheric dynamics in all
sensitivity simulations, the feedback between chemistry and
dynamics is switched off (Chemical Transport Model mode,
Deckert et al., 2011).

1 http://www.messy-interface.org
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We performed a 24-month simulation from January 2004
to December 2005. The first 12 months are used as spin-up,
and only the results for 2005 are used for the analysis.
Two different scenarios have been simulated, differing
only with respect to anthropogenic emissions. A detailed description of the scenarios can be found in the following section. A summary of the scenarios and the emissions of the
different species can be found in Table 2.
In addition, box model simulations have been performed
in order to better understand the chemical mechanism used
in this work.
2.1
2.1.1

Emissions of aromatics
Anthropogenic

Emissions of aromatics are primarily anthropogenic, coming from numerous sources, including fuel evaporation and
combustion, spillage, solvent use, refining of gasoline, landfill wastes and coal-fired stations (Kansal, 2009).
In our study, emissions due to human activities are taken
from the Representative Concentration Pathways (RCP) inventory (Van Vuuren et al., 2011). The RCP dataset was used
in the IPCC’s Fifth Assessment Report and consists of a set
of four emission scenarios, developed by four different modelling groups (van Vuuren et al., 2008). Each scenario has
a specific radiative forcing for the year 2100 (2.6, 4.5, 6.0,
and 8.5 W m−2 ) (Van Vuuren et al., 2011). We selected the
RCP8.5 pathway (Riahi et al., 2007). Granier et al. (2011)
indicate that this assumption is reasonable for the time span
2000–2010. The dataset has a yearly resolution and no seasonal variation. We adopted a vertical distribution of emissions based on the work of Pozzer et al. (2009).
Two simulations with identical meteorology and different
anthropogenic emissions have been performed. One scenario
has the default emissions developed by the IPCC (denoted as
“RCP”). The second scenario, called “LIT”, has scaled RCP
emissions, which are adapted to reproduce the total annual
anthropogenic emissions reported by Fu et al. (2008). A summary of the scenarios and their total emissions for the different species can be found in Table 2. The scenarios are only
different for benzene, toluene and xylenes, since no literature
studies have been found for other species. Both scenarios are
compared with surface and tropospheric observations, as described in Sect. 4.
In the RCP simulation, 23 TgC of aromatics are released
into the atmosphere, which represents 18 % of the total anthropogenic VOC emissions. In the LIT scenario, 16 TgC
are emitted, and the aromatics represent 13 % of the total
anthropogenic VOC emissions. When looking into the sectors provided by the RCP, we found for benzene 49 % of the
emissions originate in the residential sector, followed by the
energy sector (29 %). In the case of toluene, emissions are
evenly split for transportation, energy, solvents and residential. Xylenes emission are similarly distributed as for toluene,
Atmos. Chem. Phys., 16, 6931–6947, 2016
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however solvents are the leading source with 30 % of the
emissions and residential only 7 %. Trimethylbenzenes are
abundantly emitted by the transportation sector (90 %), as
well as other aromatics (60 %).
2.1.2

Biomass burning

Biomass burning presents a large source of VOCs for the atmosphere (Lamarque et al., 2010). This contribution is represented by the BIOBURN submodel. BIOBURN calculates
the emission fluxes, based on the Global Fire Assimilation
System (GFAS) datasets (Kaiser et al., 2012). GFAS uses
satellite retrievals of fire radiative power and transforms these
into dry matter combustion rates. GFAS has a daily time resolution, and therefore seasonal variations can be observed.
The dry matter combustion rates are used in the model in
combination with biomass burning emission factors to estimate the biomass burning emissions of specific compounds.
For each aromatic species, we applied emission factors retrieved from literature (Yokelson et al., 2013; Andreae and
Merlet, 2001; Akagi et al., 2011). The emission factors used
in this work are listed in Table 3. For other VOCs, we selected evaluated factors as in Pozzer et al. (2010).
Akagi et al. (2011) showed that at least 400 Tg year−1 of
VOCs are emitted into the atmosphere from biomass burning. Approximately 5 TgC year−1 are aromatics, which consequently represent less than 2 % of the total biomass burning
VOC emissions. It is worth mentioning the study of Johnson
et al. (2013), who estimated an emission of 10.19 TgC year−1
for phenol. These emissions are dominated by open cooking,
although it remains unclear how calculations were done. In
the present study open cooking emissions are included within
anthropogenic sources but the RCP database does not present
such large phenol emissions.
2.1.3

Biogenic

Biogenic emissions have been reported for more than 25
aromatic species (Misztal et al., 2015), although at low
amounts. Moreover, most compounds have complex structures (polycyclic aromatics) or more than eight carbon atoms.
These compounds are out of the scope of this paper, since
only emissions of simple monoaromatic compounds, such
as toluene, have been considered here. Toluene fluxes from
plants have been measured. The production mechanism is
not clear (Heiden et al., 1999) but a considerable source
of toluene from vegetation of more than 1 TgC year−1 has
been reported (Sindelarova et al., 2014). In this study, biogenic emissions are calculated online by the MEGAN model
(v2.04, Guenther et al., 2012). For toluene, the model yields
an emission rate of ' 0.32 TgC year−1 .
2.2

Chemistry

Reaction with OH is the major removal process of aromatic
compounds in the troposphere, followed by a small conAtmos. Chem. Phys., 16, 6931–6947, 2016

tribution via reaction with NO3 radicals (Atkinson, 2000).
For benzene and the alkyl-substituted benzenes there are two
possible pathways concerning the OH reaction, the first and
most prominent is the OH radical addition, which amounts
to about 90 % of the reactions, and the other 10 % correspond to H-atom abstraction (Atkinson, 2000). Only for
styrene, which contains a non-aromatic double bond, the reaction with O3 is relevant. Phenol undergoes mostly OHaddition, while benzaldehyde reacts almost exclusively via
H-abstraction (Clifford et al., 2005).
In our model, chemical kinetics calculations are done with
the MECCA submodel (Sander et al., 2011) which uses
the Kinetic PreProcessor (KPP, Sandu and Sander (2006)).
For this study, a new reaction mechanism for aromatics
has been developed and added to MECCA (Taraborrelli
et al, manuscript in preparation). It describes the chemistry of benzene, toluene, xylenes, phenol, styrene, ethylbenzene, trimethylbenzenes, benzaldehydes and higher aromatics (lumped alkyl-substituted benzenes with 10 or more carbon atoms). The new scheme is based on the Master Chemical Mechanism (MCMv3.2), the most detailed oxidation
mechanism available for aromatics with 3788 reactions and
1271 species (Bloss et al., 2005b). Such detailed representation of the chemistry allows further studies related to the
impacts of aromatics in the atmosphere. However, since the
MCM is too computationally expensive for global models, it
had to be reduced to 666 reactions and 229 species. A complete list of chemical equations and species involved can be
found in the Supplement. The mechanism reduction has been
performed according to the following procedure:
1. The oxidation mechanisms for benzene and toluene
were taken from MCM, because of their relatively high
abundance in the atmosphere in comparison with the
other aromatics. Therefore, these two species are described with the highest available accuracy.
2. For the other aromatics, the first oxidation step is taken
from the MCM, and the second oxidation step is linked
to that of toluene, because of the similar chemical structure.
3. Intermediates having a lifetime always below 1 s are replaced by their products with the corresponding reactions being removed.
4. Xylenes and trimethylbenzenes have been lumped, assuming equal proportions of single isomers.
Moreover, the photolysis rate of benzaldehyde is updated
following IUPAC recommendations (http://iupac.pole-ether.
fr) and ortho-nitrophenols have a new photolysis channel
leading to HONO formation.
Although shorter or more simplified mechanisms of
aromatic decomposition already exist (CRI, MOZART-4)
(Jenkin et al., 2008; Emmons et al., 2010), the chemical
www.atmos-chem-phys.net/16/6931/2016/
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Table 3. Biomass burning emission factors for the BIOBURN submodel. Emission factors are given in units of g (species) / kg (dry matter
burned). Last column present the global biomass burning emissions for the year 2005.
Specie
Benzene
Toluene
Xylenes
Phenol
Styrene
Ethylbenzene
Trimethylbenzenes
Benzaldehyde

Savanna

Tropical
forest

Boreal
forest

Agriculture

Peat

Reference

0.20
0.08
0.05
0.52
0.02
0.13
0.00
0.03

0.39
0.26
0.11
0.45
0.03
0.02
0.00
0.03

1.11
0.48
0.18
0.48
0.13
0.05
0.12
0.04

0.15
0.19
0.01
0.52
0.03
0.03
0.00
0.01

1.21
2.46
0.00
4.36
0.00
0.00
0.00
0.00

Akagi et al. (2011)
Akagi et al. (2011)
Andreae and Merlet (2001), Akagi et al. (2011)
Akagi et al. (2011)
Andreae and Merlet (2001)
Andreae and Merlet (2001)
Yokelson et al. (2013)
Andreae and Merlet (2001), Yokelson et al. (2013)

Figure 1. Mixing ratios from box model simulation. In red, mixing ratios from the mechanism used in this work. In black, mixing
rations from the same mechanism without the updated photolysis
rates for benzaldehyde and the new photolysis channels for nitrophenols.

degradation scheme introduced here allows for the introduction of new features, for instance the photolysis of nitrophenols and updated rate constants. In contrast, CRI and
MOZART-4 are less explicit and more difficult to extend because of the high number of lumped species that they contain.
In order to better understand which are the atmospheric
implications for the global simulations due to the developed mechanism, we run two simulations with the
CAABA/MECCA box model (Sander et al., 2011). The simulations are representative for the summer period in urban
equatorial areas and include emissions for benzene, toluene,
phenol and NO (the details of the setup can be found in the
Supplement). Figure 1 shows the differences in mixing ratios
between two box model simulations: one uses the mechanism
employed in the global simulations (i.e. the MCM mechanism reduced and updated as explained in this section). The
www.atmos-chem-phys.net/16/6931/2016/

Global emissions
(TgC year−1 )
1.49
0.91
0.29
1.86
0.14
0.08
0.05
0.10

second simulation uses the same mechanism without any of
the photolysis updates mentioned above. Benzaldehyde mixing ratios for the updated version of the mechanism are lower
than the non-updated version because the latest photolysis
rate from IUPAC is faster than the previous one, leading to an
increase in the production rate of nitrophenols. Despite this
increase in the production, nitrophenols are almost depleted
because the new photolysis channel is included, revealing the
strong influence of the photolysis channel as a sink. HONO is
enhanced in the updated version due to formation via photolysis of nitrophenols. Consequently, HOx (OH + HO2 ) production has also increased due to HONO recycling and OH
formation.
Atmospheric oxidation of some aromatic compounds can
result in a major production (or sink) of other (aromatic)
compounds. For instance, when benzene reacts with OH,
more than 50 % is transformed to phenol. Due to the large
amount of benzene that is released into the atmosphere, up to
3 TgC year−1 of phenol is produced by this pathway, which
represents more than 50 % of the global phenol source (see
Table 5). Additionally, benzaldehyde is produced from several oxidation pathways, which together constitute more than
50 % of the total benzaldehyde source.
2.3

Scavenging and dry deposition

Because of the hydrophobic nature of aromatic hydrocarbons, scavenging is a minor sink in the atmosphere. However, most oxidation products of aromatics have a strong hydrophilic character. Therefore, wet deposition is a removal
process of minor importance for aromatics but essential for
its oxidation products.
In the model, dry deposition velocities are calculated using
an algorithm based on the big leaf approach (Wesely, 1989;
Ganzeveld and Lelieveld, 1995). To account for scavenging,
the aqueous and gas-phase chemistry is coupled with physical processes related to clouds and precipitation, which represents the wet deposition (Tost et al., 2006).
Scavenging and dry deposition are calculated in the
MESSy submodels SCAV (Tost et al., 2006) and DDEP
Atmos. Chem. Phys., 16, 6931–6947, 2016
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(Kerkweg et al., 2006), respectively. The Henry’s law constants used in these calculations are listed in the Supplement.

3

the years 1995–2012 for 111 surface sites located in rural, semi-urban and urban areas. Each observation represents a different period, ranging from months to years
(e.g., Barletta et al., 2005), which can be a source of
error in the comparison.

Observations

To evaluate the model simulations (Sect. 4), we collected a
set of observations from aircraft and surface campaigns, and
from monitoring stations. Table 1 summarizes the locations
and periods of the different campaigns.
Observations include data from the following:
– CARIBIC: the CARIBIC project (Civil Aircraft for the
Regular Investigation of the atmosphere Based on an Instrument Container) is a long-term monitoring program,
based on atmospheric measurements on board of a passenger aircraft (Lufthansa A340-600) (Brenninkmeijer
et al., 2007; Baker et al., 2010). Cruising altitudes are
10–12 km and, on average, 50 % in the upper troposphere and 50 % in the lowermost stratosphere. The
data span from 2005 to 2012. CARIBIC flights take off
from Frankfurt (Germany) on routes to India, East Asia,
South America and North America.
– EMEP: the European Monitoring and Evaluation Programme (EMEP) (Tørseth et al., 2012) is a network
of monitoring sites over Europe and includes measurements of a wide number of species. One of its principal aims is to quantify the long-range transmission of
air pollutants, and their fluxes across boundaries. The
Chemical Coordinating Centre at NILU (Norwegian Institute for Air Research) is responsible for the data harmonisation after the data have successfully passed quality controls. EMEP sites are located in such a way that
local influences are minimal, and consequently the observations are representative of large regional areas.
– EEA: data provided by the European Environmental
Agency (EEA) are based on the public air quality
database AirBase (EEA, 2014). EEA gathers information from a large network of monitoring stations in urban, semi-urban and background areas. However, only
rural background stations are used for the comparison
because the simulation horizontal scale is not representative for traffic or industrial influenced stations. Moreover, for the comparison, annual averages for each station have been used. We selected observations from the
year 2005. However, the number of stations that is feasible for this study is small.
– Literature: A compilation of measurements from the literature, covering multiple parts of the globe in multiple campaigns, is summarized in Table 1. The table
provides detailed information on the location and the
time span of the observational dataset. The data cover
Atmos. Chem. Phys., 16, 6931–6947, 2016

4

Evaluation with observations

In this section the model results for benzene, toluene and
xylenes are evaluated by comparison with observations.
Comparisons for other aromatic compounds cannot be made
due to lack of a consistent set of global measurements. The
full set of figures can be found in the Supplement.
Model results for the year 2005 were chosen for the comparison with observations, assuming that interannual variability is not a significant source of error and that emissions
of aromatics were rather constant over the period 1995–2010
for the RCP dataset with a relative increase of 3 %.
Table 4 summarizes the statistics of the modelmeasurement comparison for the three species mentioned
above and for the monitoring networks described in Sect. 3.
To calculate the statistics, model results were sampled within
the geographical locations of the observations.
We follow the criteria of Barna and Lamb (2000) and
Pozzer et al. (2012) for the analysis of the model performance. A ratio of RMS (root mean square error) to SD (standard deviation of observations) below 1 is taken as the criterion to establish good modelling quality. In general, the ratio
RMS / SD gives a better agreement for the RCP simulation
than for the LIT simulation, but both simulations give ratios
close to one, meaning relatively good agreement. As a final
note, comparisons with station observations must be taken
cautiously, as they could be influenced by local emissions
and consequently not fully representative for background air,
which would be best suited for comparison with large-scale
models as the one used in this work.
4.1

Benzene

EEA: this set of 22 stations with observations for 2005 shows
annually averaged mixing ratios of 194 nmol mol−1 (see Table 4). In general, the model underestimates observations
by a factor of 3.1 in the LIT simulation and by 1.7 in the
RCP simulation. As expected due to the coarse model resolution, the simulated spatial variability of simulations (with
standard deviations of 15 and 29 pmol mol−1 for LIT and
RCP, respectively) is lower than that of the observations
(118 pmol mol−1 ). The RMS shows better agreement for the
RCP than for the LIT simulation. In addition, RCP and LIT
show good spatial agreement for all stations, except for one
station in central Europe (figures can be found in the Supplement). In conclusion, this comparison suggests that emissions from the RCP scenario give better results in Europe.
www.atmos-chem-phys.net/16/6931/2016/

1.9
1.0
2.4
1.0
101.8
6445.0
79.4
6452.0
1.79
0.08
41.9
6149.0
42.3
2026.0
33.5
106.8
75.7
164.8
24.7
78.1
55.5
120.7
Xylenes

Monthly
Campaign dependent
8
53
EMEP
LITERATURE

Toluene
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1.31
0.06

1.1
2.3
1.5
1.2
1.1
2.0
1.6
1.2
7.9
116.5
102.8
4066.0
8.0
134.4
100.2
4100.0
0.23
0.60
0.84
0.14
7.5
59.4
66.2
3499.0
0.8
144.0
111.5
352.1
789
6
12
105
CARIBIC
EEA
EMEP
LITERATURE

Instantaneous
Annual mean
Monthly
Campaign dependent

0.7
118.5
91.8
290.3

0.5
65.0
37.0
200.3

0.6
79.1
44.8
243.4

3.6
240.3
133.1
2454.0

0.19
0.49
0.69
0.12

1.1
1.5
2.0
1.2
1.0
1.2
1.5
1.1
15.5
144.9
107.2
2168.0
18.0
178.2
146.3
2301.0
0.83
0.60
0.56
0.26
15.8
118.4
71.7
1968.0
13.4
117.1
93.3
393.2
1241
22
14
105
CARIBIC
EEA
EMEP
LITERATURE
Benzene

Instantaneous
Annual mean
Monthly
Campaign dependent

6.6
62.2
50.1
205.6

2.1
14.9
22.4
173.8

3.9
29.3
40.5
339.5

16.0
194.0
166.4
1500.0

0.41
0.32
0.30
0.14

LIT:
RMS / SObs
RCP:
RMS / SObs
RMS
(RCP)
RMS
(LIT)
/MRCP
MObs
/MLIT
MObs
SObs
MObs
SRCP
MRCP
SLIT
MLIT
Time resolution
resolution
Number of locations
locations
Network
Species

Table 4. Summary of the statistical comparison of observed and simulated mixing ratios. Arithmetic means and standard deviations are shown in pmol mol−1 . MLIT, MRCP and MObs
represent the mean values for the LIT simulation, the RCP simulation and the observations, respectively. SLIT, SRCP and SObs are the standard deviations of the previously mentioned
cases.
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Figure 2. EMEP observations of toluene for six different locations for the year 2005 (monthly average) (in black) and the simulated toluene mixing ratios for the RCP simulation (in red), both
in pmol mol−1 . Error bars show standard deviation of the observations and red dashes show the standard deviation of the model
simulation.

EMEP: this dataset has a daily resolution for 14 stations
located in Europe. In this work only monthly values estimated from the database are used. In Fig. 2, the RCP simulation results for benzene are compared with observations
from six stations. It can be noticed that mixing ratios are better captured by the model in summer than in winter, which
is a feature that has been previously observed in EMAC for
other simpler VOCs (Pozzer et al., 2007). The RCP simulation yields an amplitude of the annual cycle that is closer
to the observations than that of the LIT simulation (see Table 4). In addition, the observations show larger standard deviations than the simulations, with the ratio between the observed standard deviation and the RCP standard deviation being 1.8. The ratio RMS(RCP) / SD(OBS) is above 1, but the
temporal correlation between the observations and the RCP
scenario is very good (above 0.8 in most cases; Fig. 3). This
supports the good representation of the observations by the
RCP simulation. On the other hand, the RCP simulation underestimates the annual average systematically (44 %) compared to the EMEP dataset, which is consistent with underestimation compared to the EEA dataset (40 %).
Literature: statistics cannot be calculated for these data,
because in general the measurements were not performed in
Atmos. Chem. Phys., 16, 6931–6947, 2016
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ing the winter. Compared to the observations at a regional
background station in South Africa (Jaars et al., 2014), the
model shows again a low bias (88 % lower than the observations) but within a reasonable range. The model is able to
represent the mixing ratios peak in Rio de Janeiro (Brazil)
(Martins et al., 2007).
CARIBIC: model results have been sampled along the
flight tracks, and observations within the 200–300 hPa levels are compared to the annual mean of the simulation in the
250 hPA level. The LIT simulation shows a stronger underestimation than RCP, with the RCP simulation underestimating
tropospheric benzene mixing ratios by 20 % and the LIT simulation by more than 100 %. For the RCP scenario, the underestimations appear to be lower in the free troposphere than at
the surface (RCP simulation underestimates observations of
EMEP by 34 % and EEA by 35 %). Despite the large annual
variability in benzene mixing ratios, the model is able to capture the gradients along the Africa and Europe-Brasil paths.
For the North America-Europe-Asia tracks, the high variability of the measurements makes it hard to compare them with
the simulations. In general, the model shows smaller spatial variability than the measurements and an RMS / SD ratio
slightly above one, as for the EEA and Literature data.

Figure 3. Top: annually averaged background mixing ratios of benzene for the RCP simulation, with the squares depicting annually
averaged EMEP observations, both in pmol mol−1 . Bottom: temporal correlation between observations and simulations for benzene.

rural background areas and time spans of the studies are not
suitable for comparison. Nevertheless, they are useful for a
qualitative interpretation. In particular, this set of observations helps to better understand spatial performance of the
model in regions of America, Africa and Asia (see Fig. 4).
Observations for 28 US cities (Baker et al., 2008) were taken
during summer months in background locations (thus excluding New York, Philadelphia and Salt Lake city). Chicago
and Detroit are strong industrialised cities, and therefore the
model is biased low in both simulations. Despite the low resolution of the model, in the rest of US cities the simulation is
clearly able to capture spatial gradients towards the urban areas. When comparing with the RCP simulation for the month
of July, we find an underestimation of 48 % on average. In
China, benzene was measured in different areas (mainly residential, commercial, and industrial) in 48 cities during the
winter season (Barletta et al., 2005). Both simulations reproduce the observed spatial gradient well, but strongly underestimate the mixing ratios, probably because the instruments
were located close to sources. In general the RCP simulation is closer to the observations. At six different locations
in the Sahara desert region, observations show mixing ratios
on the order of tens of pmol mol−1 for the winter months in
background remote locations (Yassaa et al., 2011). The RCP
simulation consistently reproduces those mixing ratios durAtmos. Chem. Phys., 16, 6931–6947, 2016

4.2

Toluene

EEA: toluene mixing ratios for the European stations used in
this study show an average annual value of 240 pmol mol−1 .
Compared to observations, model results from the LIT simulation show an underestimation of 51 %, while the model results from the RCP simulation have a low bias of 40 %. Contrary to the case of benzene, simulated mixing ratios have a
larger standard deviation than observations, meaning larger
simulated spatial variability.
EMEP: similar to the comparison with the EEA database,
model results from the LIT simulation are closer to the
EMEP observations than those from the RCP simulation,
with annual average underestimations of 31 and 16 %, respectively. Additionally, the RMS / STD ratio is for both
simulations lower than in the comparison with the EEA
database, which means that there is a better spatio-temporal
correlation. The temporal correlation for some stations is
weaker than for benzene (see Supplement). Model results
from both simulations reproduce the annual cycle; in the case
of the RCP simulation, the agreement is in general higher
(see RCP case in Fig. 5). As opposed to benzene, the variability of the model results from the RCP simulation is 33 %
lower than that of the observations.
Literature: generally, the performance of the model for the
observations from the literature of toluene is similar to the
one of benzene, and spatial gradients and large urban areas
are correctly simulated. Nevertheless, for the same reasons
as for benzene, the model is showing a general underestimation for both simulations; RCP results are biased low by more
than 3 times for benzene and almost 8 times for toluene. Both
www.atmos-chem-phys.net/16/6931/2016/
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Figure 5. EMEP observations of toluene for six different locations for the year 2005 (monthly average) (in black) and the simulated toluene mixing ratios for the RCP simulation (in red), both in
pmol mol−1 . Error bars show standard deviation of the observations
and red dashes show the standard deviation of the model simulation.

Figure 4. Top: Annually averaged surface mixing ratios of benzene (pmol mol−1 ) for the RCP simulation. Circles depict observations from literature. Bottom: Correlations between observations
and model results. In red for the LIT scenario, in black for RCP
scenario.

simulations capture the spatial distributions reasonably well,
compared to the observations during summer for the US and
during winter for the Sahara and China. The stronger discrepancies for toluene compared to benzene can be explained by
the short lifetime of toluene in combination with the short
distance from sources of the observation sites. In addition,
we also compared the toluene to benzene ratios for the RCP
scenario with the Literature observations. We found that the
model captures well the areas where the observed ratios are
higher or lower than one (Supplement). The agreement is in
general good in America, Europe and East Asia regions, although the ratios are underestimated.
CARIBIC: in contrast to benzene, toluene annual average mixing ratios are underestimated greatly in both simulations, by more than 4 times (3.6 pmol mol−1 for observations and 0.8 pmol mol−1 for the RCP scenario). In conwww.atmos-chem-phys.net/16/6931/2016/

trast to the surface observations, the RCP simulation is closer
to observations in the troposphere than the LIT simulation.
Spatial gradients are best captured in the European-African
and European-Asian tracks. Geographical variability is larger
than for benzene, due to the shorter lifetime of toluene. In
the simulations toluene is almost depleted above the planetary boundary layer, which suggests too strong model sinks
in those regions. However, as pointed out by Helsel (1990),
the underestimation due to the large number of measurements under the instrumental detection limit (1 pmol mol−1 )
is a source of error, since it artificially causes too high values in the observations. In this case, 46 % of the CARIBIC
observations for toluene is below detection limit, which partially explains the bias. We only use the other 54 % of the
data for the calculations in Table 4. As for benzene, the ratio
RMS / STD is somewhat above one for both simulations.
4.3

Xylenes

EEA: due to the low number of stations available for this
dataset (only 2), the results may be not representative and
therefore we did not include them in Table 4. However, for
the two stations, mixing ratios from the LIT and RCP simAtmos. Chem. Phys., 16, 6931–6947, 2016
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xylenes/benzene ratio than for the toluene/benzene, this can
observed clearly observed in US regions (see Supplement).

5

Figure 6. Mixing ratios of xylenes (pmol mol−1 ) from EMEP observations in the year 2005 (monthly average) (in black), and from
the LIT simulation (in red). Error bars show the standard deviation
of the observations, red dashes show the standard deviation of the
model simulation.

ulations are 66 and 100 % higher than the observations, respectively.
EMEP: a comparison with model results of this set of eight
stations shows a similar result as the comparison for toluene.
Figure 6 shows observations and model results from the LIT
simulation. Results from both simulations are poorly correlated with observations in terms of time and space (see Supplement). Model results from the LIT simulation are closer
to the measurements than those from RCP, but in both cases
the RMS / STD ratio is relatively high, which points at a low
consistency in reproducing spatio-temporal features. EMEP
observations are overestimated by 31 and 79 % by results
from the LIT and RCP simulations, respectively.
Literature: observations of xylenes are only available for
the US and for one location in China. As for other species,
xylenes are well represented in the US, with the exception
of some cities. In China, the model reproduces the increase
in mixing ratios towards the Hong Kong area. In the Southern Hemisphere, the model reproduces the polluted spots in
South Africa and Rio de Janeiro. We also compared the ratio of xylenes to benzene. The simulation agrees better for
Atmos. Chem. Phys., 16, 6931–6947, 2016

Global budget

Table 5 summarizes the global budget of aromatic compounds for the RCP simulation. This simulation has been
selected because it reproduces benzene and toluene observations in terms of annual average mixing ratios, yearly cycle
and spatial variations better than the LIT simulation. Moreover, the differences for xylenes are not significant between
the two simulations.
For benzene, the total global primary emission of
7.8 TgC year−1 is composed of anthropogenic emissions
(81 %), biomass burning emissions (19 %) and chemical production (< 1 %). The sources are balanced by the sinks due
to OH oxidation (87 %), and dry deposition (13 %). As expected due to the strong hydrophobicity of aromatic compounds, wet deposition has been found to be a negligible process for the budget.
Figure 7 shows modelled annually averaged mixing ratios of benzene, toluene and xylenes. For benzene (upper
left panel), the surface mixing ratios are as high as 300–
400 pmol mol−1 in highly urbanised and industrialised areas
in the Northern Hemisphere (US, Europa, China). Western
Asia shows similar mixing ratios, probably due to the large
petrol industry. The highest modelled mixing ratios can be
found in India and China, due to large anthropogenic emissions. Central Africa and Northern Asia mixing ratios are
mainly driven by biomass burning emissions. In general, areas with high mixing ratios of benzene are located close to
sources, due to its relatively short lifetime. Over the oceans,
mixing ratios vary between 20 and 70 pmol mol−1 (due to
ship emissions). In southern hemispheric continental areas,
we find mixing ratios in the 100–300 pmol mol−1 range. The
highest mixing ratios are found in Africa, due to the strong
biomass burning season. Continental background areas show
mixing ratios between 10–50 pmol mol−1 . Lowest mixing ratios (1–5 pmol mol−1 ) are found in oceanic areas due to the
far distances to sources.
Figure 7 (upper right panel) shows the modelled annual zonal mean benzene mixing ratios. Note the strong
north–south gradient and the averaged mixing ratios of 60–
100 pmol mol−1 for the free troposphere. The highest values
are found at the surface in the Northern Hemisphere.
Toluene emissions sum up to 7.9 TgC year−1 , a number
similar to that of benzene emissions. Anthropogenic emissions (84 % of the total) play a larger role for this compound
than the biomass burning emissions (11 % of the total). Additionally, the model estimates 4 % of emissions from biogenic
sources. Sinks are dominated by OH oxidation (85 %), and
the remaining 15 % is removed by dry deposition.
Mixing ratios at the surface are in the order of 20–
200 pmol mol−1 in continental areas (Fig. 7, middle left
www.atmos-chem-phys.net/16/6931/2016/
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Table 5. Global atmospheric budget of aromatic compounds from the RCP simulation. Units are TgC year−1 in all cases, unless noted
otherwise.
Benzene

Toluene

Xylene

Phenol

Styrene

Ethylbezene

TMB

Benzaldehyde

1.5
6.3

0.9
6.7
0.3

0.3
5.7

1.9
0.5

0.1
0.7

0.1
0.7

0.1
1.4

0.1
0.6

Sources (Tg year−1 )
Biomass burning
Anthropogenic
Biogenic
Chemical production

0.01

Total sources

7.8

7.9

5.9

5.8

0.8

0.8

1.4

2.0

Dry deposition
Oxidation by OH
Oxidation by NO3
Oxidation by O3
Photolysis

1.4
6.4

1.1
6.7

0.6
5.1
0.1

0.2
3.2
1.8

0.0
0.2
0.3
0.1

0.1
0.6
0.0

0.1
1.2
0.0

0.1
0.5
0.1

Total sinks

8.3

7.8

5.8

5.2

0.7

0.8

1.3

2.2

Burden (GgC)
Lifetime (days)

213
8.3

57
1.0

20
0.5

2
0.1

0
0.1

5
1.2

3
0.2

2
0.1

3.4

1.3

Sinks (Tg year−1 )

1.5

panel), which are larger than for benzene for specific urban
regions urban (Europe), due to large anthropogenic emissions. However, in the free troposphere we find low mixing ratios (a few pmol mol−1 ), due to the short lifetime of
toluene. Background areas (oceans, deserts) show surface
mixing ratios below pmol mol−1 levels for the same reason.
More than 95 % of xylenes are emitted by anthropogenic
sources. Total emissions sump up 5.9 TgC year−1 , from
which 88 % is removed by OH, 11 % by dry deposition and
the remainder (< 1 %) by reaction with NO3 . Very low mixing ratios are present at the surface in the Southern Hemisphere (Fig. 7, bottom left panel), except for a few specific
locations (i.e. Indonesia, Nigeria, São Paulo in Brazil). In the
free troposphere, mixing ratios are below pmol mol−1 levels
in the Southern Hemisphere, even in the lowermost levels.
Phenol has a different distribution of sources compared to
other aromatics. The main is source is the atmospheric oxidation of benzene with OH, which produces 3.4 TgC year−1
(59 % of total sources). The second important source of phenol is the primary emission from biomass burning, which
represents 32 % of the total emissions. Anthropogenic emissions are only 9 % of the total. Nevertheless, mixing ratios
of phenol in the atmosphere are low because of its short lifetime.
Emissions of benzaldehyde, styrene and trimethylbenzenes sum up to 3.2 TgC year−1 . Their spatial patterns resemble those of toluene, with most emissions, and hence higher
mixing ratios, located in the Northern Hemisphere. Nevertheless, their mixing ratios are almost 1 order of magnitude
lower than those of toluene at the surface and in the free tro-

www.atmos-chem-phys.net/16/6931/2016/

posphere. For this reason, they have only been measured in
few campaigns (Baker et al., 2008; Yurdakul et al., 2013).
Consistent with their main sink (i.e. reaction with OH),
which is weaker during winter (NDJ months) and the main
region of their emission (i.e. the Northern Hemisphere), the
burden of most species shows a clear annual cycle, with
higher mixing ratios in winter than in summer. As an exception, phenol and styrene have an annual cycle with a small
amplitude. The specific pattern in their atmospheric burden
is caused by their very short lifetimes and the relative high
strength of the biomass burning emissions during autumn.
The atmospheric aromatic burden totals 0.3 TgC. Benzene
contributes 70 % to the total mass, toluene and xylenes 25 %
and the remaining species 5 %.
Estimated lifetimes of aromatics are for most species on
the order of a day or less (except for benzene, toluene and
ethylbenzene), and can be found in Table 5. Estimated lifetimes are in line with values of the literature Atkinson (2000).
6

Conclusions

The 3-D atmospheric chemistry general circulation model
EMAC and an ensemble of airborne and surface observations were used to evaluate our current understanding of the
global atmospheric budget of monoaromatic compounds, including benzene, toluene, xylenes, phenol, styrene, ethylbenzene, trimethylbenzenes and benzaldehyde.
We extended the chemical mechanism of MECCA in order to accurately describe the chemical reactions of aromatic
compounds. Emissions of simple aromatics were included in
the model, considering biomass burning, anthropogenic acAtmos. Chem. Phys., 16, 6931–6947, 2016
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Figure 7. The left column shows annually averaged surface mixing ratios (pmol mol−1 ) for the RCP simulation. The right column shows
the annual zonal average. Upper plots show benzene, the middle toluene and the bottom plots show xylenes. Figures for other species can be
found in the Supplement.

tivities and natural sources. As sinks, wet and dry deposition
were included.
Simulations with two different sets of anthropogenic emissions were evaluated against observations. The comparison
with surface and aircraft observations shows that for benzene, the model seems to underestimate mixing ratios consistently at the surface and in the free troposphere, while
the spatial distributions and seasonal cycles are well repro-

Atmos. Chem. Phys., 16, 6931–6947, 2016

duced. The model captures the spatial variability and averaged mixing ratios at the surface of toluene well, but it does
not accurately reproduce the seasonal cycle and considerably
underestimates mixing ratios in the free troposphere. This
suggests an overestimation of the efficiency of the chemical removal processes, of which the chemical reaction with
OH is the most important. The uncertainty of the rate constant for the reaction of toluene + OH is about 5.6 ± 0.9 ×

www.atmos-chem-phys.net/16/6931/2016/
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10−12 cm3 molecule−1 s−1 at 298 K, which implies a 30 %
error on the chemical sink estimate. Additionally, the relative bias of the observations, due to the large number of observations below the instrumental detection limit of the aircraft measurements, can partially explain the disagreement
in the upper troposphere. The model shows large temporal
discrepancies for mixing ratios of xylenes, although they remain within an acceptable range. We can conclude that the
RCP scenario captures better total amounts of aromatics released to the atmosphere than the LIT. Nevertheless, in both
scenarios we observed underestimation of the observations
which could indicate an underestimation on the emission ratios.
Because of the low mixing ratios of some species (phenol, styrene, ethylbenzene, trimethylbenzenes and benzaldehydes) in the atmosphere, and the limitations of the present
instrumentation, a model-measurement comparison was not
possible for all species. Therefore, a wider array of samples
would be helpful to assess the model’s accuracy in remote
regions and constrain the respective global atmospheric budgets.
The budget of aromatic compounds is characterized by a
total emission rate of 32 TgC year−1 . For most species, with
the exception of phenol, anthropogenic emissions are the
main source. Large emissions are located in industrialised
and heavily populated areas, such as Asia and Europe. Emissions from biomass burning play a secondary role on the
global scale, although they can be the strongest source of aromatics in specific areas such as Central Africa, South America and boreal areas.
The chemical production generates 4.7 TgC year−1 of aromatics (mainly phenol), making them nearly ubiquitous.
Biogenic emissions form only a small fraction of the total
toluene source (4 %), although other studies suggest that this
fraction could be larger (Sindelarova et al., 2014). Photochemical reaction with OH is the most important removal
process of aromatics from the atmosphere, followed by dry
deposition. As an exception, styrene and benzaldehyde also
react with O3 and NO3 , respectively, as their primary sink.
Further studies focused radical production, ozone formation (Bloss et al., 2005a; Nehr et al., 2014) and general
impact of aromatics on atmospheric chemistry will be performed based on the mechanism developed in this study.
7

Data availability

EEA
data
is
available
at
http://
www.eea.europa.eu/data-and-maps/data/
airbase-the-european-air-quality-database-8. EMEP data is
accessible from http://www.nilu.no/projects/ccc/emepdata.
html.
The Supplement related to this article is available online
at doi:10.5194/acp-16-6931-2016-supplement.
www.atmos-chem-phys.net/16/6931/2016/

6943

Acknowledgements. We want to thank Ruud Janssen for useful
discussion. We also want to thank Angela Baker for providing
the CARIBIC data. The authors wish also to acknowledge the
use of the Ferret program for analysis and graphics in this paper. Ferret is a product of NOAA’s Pacific Marine Environmental
Laboratory (information is available at http://www.ferret.noaa.gov).
The article processing charges for this open-access
publication were covered by the Max Planck Society.
Edited by: T. Butler

References
Akagi, S. K., Yokelson, R. J., Wiedinmyer, C., Alvarado, M. J.,
Reid, J. S., Karl, T., Crounse, J. D., and Wennberg, P. O.: Emission factors for open and domestic biomass burning for use
in atmospheric models, Atmos. Chem. Phys., 11, 4039–4072,
doi:10.5194/acp-11-4039-2011, 2011.
Andreae, M. O. and Merlet, P.: Emission of trace gases and aerosols
from biomass burning, Global Biogeochem. Cy., 15, 955–966,
2001.
Atkinson, R.: Atmospheric chemistry of VOCs and NOx , Atmos.
Environ., 34, 2063–2101, 2000.
Baek, S.-O. and Jenkins, R. A.: Characterization of trace organic
compounds associated with aged and diluted sidestream tobacco
smoke in a controlled atmosphere–volatile organic compounds
and polycyclic aromatic hydrocarbons, Atmos. Environ., 38,
6583–6599, 2004.
Baker, A. K., Beyersdorf, A. J., Doezema, L. A., Katzenstein, A.,
Meinardi, S., Simpson, I. J., Blake, D. R., and Rowland, F. S.:
Measurements of nonmethane hydrocarbons in 28 United States
cities, Atmos. Environ., 42, 170–182, 2008.
Baker, A. K., Slemr, F., and Brenninkmeijer, C. A. M.: Analysis of
non-methane hydrocarbons in air samples collected aboard the
CARIBIC passenger aircraft, Atmos. Meas. Tech., 3, 311–321,
doi:10.5194/amt-3-311-2010, 2010.
Barletta, B., Meinardi, S., Simpson, I. J., Khwaja, H. A., Blake,
D. R., and Rowland, F. S.: Mixing ratios of volatile organic compounds (VOCs) in the atmosphere of Karachi, Pakistan, Atmos.
Environ., 36, 3429–3443, 2002.
Barletta, B., Meinardi, S., Sherwood Rowland, F., Chan, C.-Y.,
Wang, X., Zou, S., Yin Chan, L., and Blake, D. R.: Volatile
organic compounds in 43 Chinese cities, Atmos. Environ., 39,
5979–5990, 2005.
Barna, M. and Lamb, B.: Improving ozone modeling in regions of
complex terrain using observational nudging in a prognostic meteorological model, Atmos. Environ., 34, 4889–4906, 2000.
Bejan, I., El Aal, Y. A., Barnes, I., Benter, T., Bohn, B., Wiesen, P.,
and Kleffmann, J.: The photolysis of ortho-nitrophenols: a new
gas phase source of HONO, Phys. Chem. Chem. Phys., 8, 2028–
2035, 2006.
Bloss, C., Wagner, V., Bonzanini, A., Jenkin, M. E., Wirtz, K.,
Martin-Reviejo, M., and Pilling, M. J.: Evaluation of detailed
aromatic mechanisms (MCMv3 and MCMv3.1) against environmental chamber data, Atmos. Chem. Phys., 5, 623–639,
doi:10.5194/acp-5-623-2005, 2005a.

Atmos. Chem. Phys., 16, 6931–6947, 2016

6944

D. Cabrera-Perez et al.: Global budget of aromatic compounds in the atmosphere

Bloss, C., Wagner, V., Jenkin, M. E., Volkamer, R., Bloss, W. J.,
Lee, J. D., Heard, D. E., Wirtz, K., Martin-Reviejo, M., Rea,
G., Wenger, J. C., and Pilling, M. J.: Development of a detailed
chemical mechanism (MCMv3.1) for the atmospheric oxidation
of aromatic hydrocarbons, Atmos. Chem. Phys., 5, 641–664,
doi:10.5194/acp-5-641-2005, 2005b.
Brenninkmeijer, C. A. M., Crutzen, P., Boumard, F., Dauer, T., Dix,
B., Ebinghaus, R., Filippi, D., Fischer, H., Franke, H., Frieß, U.,
Heintzenberg, J., Helleis, F., Hermann, M., Kock, H. H., Koeppel, C., Lelieveld, J., Leuenberger, M., Martinsson, B. G., Miemczyk, S., Moret, H. P., Nguyen, H. N., Nyfeler, P., Oram, D.,
O’Sullivan, D., Penkett, S., Platt, U., Pupek, M., Ramonet, M.,
Randa, B., Reichelt, M., Rhee, T. S., Rohwer, J., Rosenfeld, K.,
Scharffe, D., Schlager, H., Schumann, U., Slemr, F., Sprung, D.,
Stock, P., Thaler, R., Valentino, F., van Velthoven, P., Waibel, A.,
Wandel, A., Waschitschek, K., Wiedensohler, A., Xueref-Remy,
I., Zahn, A., Zech, U., and Ziereis, H.: Civil Aircraft for the regular investigation of the atmosphere based on an instrumented
container: The new CARIBIC system, Atmos. Chem. Phys., 7,
4953–4976, doi:10.5194/acp-7-4953-2007, 2007
Brocco, D., Fratarcangeli, R., Lepore, L., Petricca, M., and Ventrone, I.: Determination of aromatic hydrocarbons in urban air of
Rome, Atmos. Environ., 31, 557–566, 1997.
Buczynska, A. J., Krata, A., Stranger, M., Godoi, A. F. L.,
Kontozova-Deutsch, V., Bencs, L., Naveau, I., Roekens, E., and
Van Grieken, R.: Atmospheric BTEX-concentrations in an area
with intensive street traffic, Atmos. Environ., 43, 311–318, 2009.
Butler, T., Lawrence, M., Taraborrelli, D., and Lelieveld, J.: Multiday ozone production potential of volatile organic compounds
calculated with a tagging approach, Atmos. Environ., 45, 4082–
4090, 2011.
Chen, J., Wenger, J. C., and Venables, D. S.: Near-ultraviolet absorption cross sections of nitrophenols and their potential influence on tropospheric oxidation capacity, J. Phys. Chem. A, 115,
12235–12242, 2011.
Ciarrocca, M., Tomei, G., Fiaschetti, M., Caciari, T., Cetica, C., Andreozzi, G., Capozzella, A., Schifano, M. P., Andre, J.-C., Tomei,
F., and Sancini, A.: Assessment of occupational exposure to benzene, toluene and xylenes in urban and rural female workers,
Chemosphere, 87, 813–819, 2012.
Clifford, G. M., Thüner, L. P., Wenger, J. C., and Shallcross, D. E.:
Kinetics of the gas-phase reactions of OH and NO 3 radicals
with aromatic aldehydes, J. Photoch. Photobio. A, 176, 172–182,
2005.
Deckert, R., Jöckel, P., Grewe, V., Gottschaldt, K.-D., and Hoor,
P.: A quasi chemistry-transport model mode for EMAC, Geosci.
Model Dev., 4, 195-206, doi:10.5194/gmd-4-195-2011, 2011.
Derwent, R., Davies, T., Delaney, M., Dollard, G., Field, R., Dumitrean, P., Nason, P., Jones, B., and Pepler, S.: Analysis and
interpretation of the continuous hourly monitoring data for 26
C2 -C8 hydrocarbons at 12 United Kingdom sites during 1996,
Atmos. Environ., 34, 297–312, 2000.
Dolgorouky, C., Gros, V., Sarda-Esteve, R., Sinha, V., Williams, J.,
Marchand, N., Sauvage, S., Poulain, L., Sciare, J., and Bonsang,
B.: Total OH reactivity measurements in Paris during the 2010
MEGAPOLI winter campaign, Atmos. Chem. Phys., 12, 9593–
9612, doi:10.5194/acp-12-9593-2012, 2012.
Dutta, C., Som, D., Chatterjee, A., Mukherjee, A., Jana, T., and
Sen, S.: Mixing ratios of carbonyls and BTEX in ambient air of

Atmos. Chem. Phys., 16, 6931–6947, 2016

Kolkata, India and their associated health risk, Environ. Monit.
Assess., 148, 97–107, 2009.
EEA: Air quality in Europe – 2014 report, Report No. 5/2014, European Environment Agency, Copenhagen, DK, available at: http:
//www.eea.europa.eu//publications/air-quality-in-europe-2014,
2014.
Emmons, L. K., Walters, S., Hess, P. G., Lamarque, J.-F., Pfister,
G. G., Fillmore, D., Granier, C., Guenther, A., Kinnison, D.,
Laepple, T., Orlando, J., Tie, X., Tyndall, G., Wiedinmyer, C.,
Baughcum, S. L., and Kloster, S.: Description and evaluation of
the Model for Ozone and Related chemical Tracers, version 4
(MOZART-4), Geosci. Model Dev., 3, 43–67, doi:10.5194/gmd3-43-2010, 2010.
Fischer, E. V., Jacob, D. J., Yantosca, R. M., Sulprizio, M. P., Millet, D. B., Mao, J., Paulot, F., Singh, H. B., Roiger, A., Ries, L.,
Talbot, R. W., Dzepina, K., and Pandey Deolal, S.: Atmospheric
peroxyacetyl nitrate (PAN): a global budget and source attribution, Atmos. Chem. Phys., 14, 2679–2698, doi:10.5194/acp-142679-2014, 2014.
Fu, T.-M., Jacob, D. J., Wittrock, F., Burrows, J. P., Vrekoussis, M., and Henze, D. K.: Global budgets of atmospheric glyoxal and methylglyoxal, and implications for formation of secondary organic aerosols, J. Geophys. Res.-Atmos., 113, D15303,
doi:10.1029/2007JD009505, 2008.
Ganzeveld, L. and Lelieveld, J.: Dry deposition parameterization
in a chemistry general circulation model and its influence on
the distribution of reactive trace gases, J. Geophys. Res.-Atmos.,
100, 20999–21012, 1995.
Granier, C., Bessagnet, B., Bond, T., D’Angiola, A., Van Der Gon,
H. D., Frost, G. J., Heil, A., Kaiser, J. W., Kinne, S., Klimont,
Z., Kloster, S., Lamarque, J. F., Liousse, C., Masui, T., Meleux,
F., Mieville, A., Ohara, T., Raut, J. C., Riahi, K., Schultz, M.G.,
Smith, S. J., Thompson, A., van Aardenne, J., van der Werf,
G. R., and van Vuuren, D. P.: Evolution of anthropogenic and
biomass burning emissions of air pollutants at global and regional scales during the 1980–2010 period, Climatic Change,
109, 163–190, 2011.
Guenther, A. B., Jiang, X., Heald, C. L., Sakulyanontvittaya, T.,
Duhl, T., Emmons, L. K., and Wang, X.: The Model of Emissions
of Gases and Aerosols from Nature version 2.1 (MEGAN2.1): an
extended and updated framework for modeling biogenic emissions, Geosci. Model Dev., 5, 1471–1492, doi:10.5194/gmd-51471-2012, 2012.
Guo, H., Wang, T., Blake, D., Simpson, I., Kwok, Y., and Li, Y.: Regional and local contributions to ambient non-methane volatile
organic compounds at a polluted rural/coastal site in Pearl River
Delta, China, Atmos. Environ., 40, 2345–2359, 2006.
Hakola, H., Tarvainen, V., Laurila, T., Hiltunen, V., Hellén, H., and
Keronen, P.: Seasonal variation of VOC concentrations above a
boreal coniferous forest, Atmos. Environ., 37, 1623–1634, 2003.
Heiden, A., Kobel, K., Komenda, M., Koppmann, R., Shao, M., and
Wildt, J.: Toluene emissions from plants, Geophys. Res. Lett.,
26, 1283–1286, 1999.
Helsel, D. R.: Less than obvious-statistical treatment of data below
the detection limit, Environ. Sci. Technol., 24, 1766–1774, 1990.
Henze, D. K., Seinfeld, J. H., Ng, N. L., Kroll, J. H., Fu, T.-M.,
Jacob, D. J., and Heald, C. L.: Global modeling of secondary
organic aerosol formation from aromatic hydrocarbons: high-

www.atmos-chem-phys.net/16/6931/2016/

D. Cabrera-Perez et al.: Global budget of aromatic compounds in the atmosphere
vs. low-yield pathways, Atmos. Chem. Phys., 8, 2405–2420,
doi:10.5194/acp-8-2405-2008, 2008.
Hoque, R. R., Khillare, P., Agarwal, T., Shridhar, V., and Balachandran, S.: Spatial and temporal variation of BTEX in the urban atmosphere of Delhi, India, Sci. Total Environ., 392, 30–40, 2008.
Hu, L., Millet, D. B., Baasandorj, M., Griffis, T. J., Travis, K. R.,
Tessum, C. W., Marshall, J. D., Reinhart, W. F., Mikoviny, T.,
Müller, M., Wisthaler, A., Graus, M., Warneke, C., de Gouw, J.:
Emissions of C6–C8 aromatic compounds in the United States:
Constraints from tall tower and aircraft measurements, J. Geophys. Res.-Atmos., 120, 826–842, 2015.
Inomata, S., Tanimoto, H., Kato, S., Suthawaree, J., Kanaya, Y.,
Pochanart, P., Liu, Y., and Wang, Z.: PTR-MS measurements
of non-methane volatile organic compounds during an intensive
field campaign at the summit of Mount Tai, China, in June 2006,
Atmos. Chem. Phys., 10, 7085–7099, doi:10.5194/acp-10-70852010, 2010.
Jaars, K., Beukes, J. P., van Zyl, P. G., Venter, A. D., Josipovic,
M., Pienaar, J. J., Vakkari, V., Aaltonen, H., Laakso, H., Kulmala, M., Tiitta, P., Guenther, A., Hellén, H., Laakso, L., and
Hakola, H.: Ambient aromatic hydrocarbon measurements at
Welgegund, South Africa, Atmos. Chem. Phys., 14, 7075–7089,
doi:10.5194/acp-14-7075-2014, 2014.
Jenkin, M., Watson, L., Utembe, S., and Shallcross, D.: A Common
Representative Intermediates (CRI) mechanism for VOC degradation. Part 1: Gas phase mechanism development, Atmos. Environ., 42, 7185–7195, 2008.
Jeuken, A., Siegmund, P., Heijboer, L., Feichter, J., and Bengtsson,
L.: On the potential assimilating meteorological analyses in a
global model for the purpose of model validation, J. Geophys.
Res., 101,16939–16950 , 1996.
Jöckel, P., Kerkweg, A., Pozzer, A., Sander, R., Tost, H., Riede, H.,
Baumgaertner, A., Gromov, S., and Kern, B.: Development cycle
2 of the Modular Earth Submodel System (MESSy2), Geosci.
Model Dev., 3, 717–752, doi:10.5194/gmd-3-717-2010, 2010.
Johnson, T. J., Sams, R. L., Profeta, L. T., Akagi, S. K., Burling,
I. R., Yokelson, R. J., and Williams, S. D.: Quantitative IR spectrum and vibrational assignments for glycolaldehyde vapor: glycolaldehyde measurements in biomass burning plumes, J. Phys.
Chem. A, 117, 4096–4107, 2013.
Kaiser, J. W., Heil, A., Andreae, M. O., Benedetti, A., Chubarova,
N., Jones, L., Morcrette, J.-J., Razinger, M., Schultz, M. G.,
Suttie, M., and van der Werf, G. R.: Biomass burning emissions estimated with a global fire assimilation system based
on observed fire radiative power, Biogeosciences, 9, 527–554,
doi:10.5194/bg-9-527-2012, 2012.
Kalabokas, P., Bartzis, J., and Papagiannakopoulos, P.: Atmospheric
levels of nitrogen oxides at a Greek oil refinery compared with
the urban measurements in Athens, Water Air Soil Poll., 2, 703–
716, 2002.
Kansal, A.: Sources and reactivity of NMHCs and VOCs in the atmosphere: A review, J. Hazard. Mat., 166, 17–26, 2009.
Kerbachi, R., Boughedaoui, M., Bounoua, L., and Keddam, M.:
Ambient air pollution by aromatic hydrocarbons in Algiers, Atmos. Environ., 40, 3995–4003, 2006.
Kerkweg, A., Buchholz, J., Ganzeveld, L., Pozzer, A., Tost, H., and
Jöckel, P.: Technical Note: An implementation of the dry removal
processes DRY DEPosition and SEDImentation in the Modu-

www.atmos-chem-phys.net/16/6931/2016/

6945

lar Earth Submodel System (MESSy), Atmos. Chem. Phys., 6,
4617-4632, doi:10.5194/acp-6-4617-2006, 2006.
Kim, K.-H. and Kim, M.-Y.: The distributions of BTEX compounds
in the ambient atmosphere of the Nan-Ji-Do abandoned landfill
site in Seoul, Atmos. Environ., 36, 2433–2446, 2002.
Koppmann, R.: Volatile organic compounds in the atmosphere, John
Wiley & Sons, 2008.
Lamarque, J.-F., Bond, T. C., Eyring, V., Granier, C., Heil, A.,
Klimont, Z., Lee, D., Liousse, C., Mieville, A., Owen, B.,
Schultz, M. G., Shindell, D., Smith, S. J., Stehfest, E., Van Aardenne, J., Cooper, O. R., Kainuma, M., Mahowald, N., McConnell, J. R., Naik, V., Riahi, K., and van Vuuren, D. P.: Historical (1850–2000) gridded anthropogenic and biomass burning
emissions of reactive gases and aerosols: methodology and application, Atmos. Chem. Phys., 10, 7017–7039, doi:10.5194/acp10-7017-2010, 2010.
Lee, S., Chiu, M., Ho, K., Zou, S., and Wang, X.: Volatile organic
compounds (VOCs) in urban atmosphere of Hong Kong, Chemosphere, 48, 375–382, 2002.
Lewis, A. C., Carslaw, N., Marriott, P. J., Kinghorn, R. M., Morrison, P., Lee, A. L., Bartle, K. D., and Pilling, M. J.: A larger
pool of ozone-forming carbon compounds in urban atmospheres,
Nature, 405, 778–781, 2000.
Lewis, A. C., Evans, M. J., Hopkins, J. R., Punjabi, S., Read, K.
A., Purvis, R. M., Andrews, S. J., Moller, S. J., Carpenter, L.
J., Lee, J. D., Rickard, A. R., Palmer, P. I., and Parrington, M.:
The influence of biomass burning on the global distribution of
selected non-methane organic compounds, Atmos. Chem. Phys.,
13, 851–867, doi:10.5194/acp-13-851-2013, 2013.
Martins, E. M., Arbilla, G., Bauerfeldt, G. F., and de Paula, M.:
Atmospheric levels of aldehydes and BTEX and their relationship with vehicular fleet changes in Rio de Janeiro urban area,
Chemosphere, 67, 2096–2103, 2007.
Michałowicz, J. and Duda, W.: Phenols–sources and toxicity, Polish
Journal of Environmental Studies, 16, 347–362, 2007.
Miller, L., Xu, X., Grgicak-Mannion, A., Brook, J., and Wheeler,
A.: Multi-season, multi-year concentrations and correlations
amongst the BTEX group of VOCs in an urbanized industrial
city, Atmos. Environ., 61, 305–315, 2012.
Millet, D. B., Guenther, A., Siegel, D. A., Nelson, N. B., Singh,
H. B., de Gouw, J. A., Warneke, C., Williams, J., Eerdekens,
G., Sinha, V., Karl, T., Flocke, F., Apel, E., Riemer, D. D.,
Palmer, P. I., and Barkley, M.: Global atmospheric budget of
acetaldehyde: 3-D model analysis and constraints from in-situ
and satellite observations, Atmos. Chem. Phys., 10, 3405–3425,
doi:10.5194/acp-10-3405-2010, 2010.
Misztal, P., Hewitt, C., Wildt, J., Blande, J., Eller, A., Fares, S., Gentner, D., Gilman, J., Graus, M., Greenberg, J., Guenther, A. B.,
Hansel, A., Harley, P., Huang, M., Jardine, K., Karl, T., Kaser, L.,
Keutsch, F. N., Kiendler-Scharr, A., Kleist, E., Lerner, B. M., Li,
T., Mak, J., Nölscher, A. C., Schnitzhofer, R., Sinha, V., Thornton, B., Warneke, C., Wegener, F., Werner, C., Williams, J., Worton, D. R., Yassaa, N., and Goldstein, A. H.: Atmospheric benzenoid emissions from plants rival those from fossil fuels, Scientific reports, 5, 2015.
Mohr, C., Lopez-Hilfiker, F. D., Zotter, P., Prévôt, A. S., Xu, L.,
Ng, N. L., Herndon, S. C., Williams, L. R., Franklin, J. P., Zahniser, M. S., Worsnop, D. R., Knighton, W. B., Aiken, A. C.,
Gorkowski, K. J., Dubey, M. K., Allan, J. D., and Thornton, J.

Atmos. Chem. Phys., 16, 6931–6947, 2016

6946

D. Cabrera-Perez et al.: Global budget of aromatic compounds in the atmosphere

A.: Contribution of nitrated phenols to wood burning brown carbon light absorption in Detling, United Kingdom during winter
time, Environ. Sci. Technol., 47, 6316–6324, 2013.
Na, K., Kim, Y. P., Moon, I., and Moon, K.-C.: Chemical composition of major VOC emission sources in the Seoul atmosphere,
Chemosphere, 55, 585–594, 2004.
Natangelo, M., Mangiapan, S., Bagnati, R., Benfenati, E., and
Fanelli, R.: Increased concentrations of nitrophenols in leaves
from a damaged forestal site, Chemosphere, 38, 1495–1503,
1999.
Nehr, S., Bohn, B., Dorn, H.-P., Fuchs, H., Häseler, R., Hofzumahaus, A., Li, X., Rohrer, F., Tillmann, R., and Wahner, A.: Atmospheric photochemistry of aromatic hydrocarbons: OH budgets
during SAPHIR chamber experiments, Atmos. Chem. Phys., 14,
6941–6952, doi:10.5194/acp-14-6941-2014, 2014.
Odum, J. R., Jungkamp, T., Griffin, R. J., Forstner, H., Flagan, R. C.,
and Seinfeld, J. H.: Aromatics, reformulated gasoline, and atmospheric organic aerosol formation, Environ. Sci. Technol., 31,
1890–1897, 1997.
Paulot, F., Wunch, D., Crounse, J. D., Toon, G. C., Millet, D.
B., DeCarlo, P. F., Vigouroux, C., Deutscher, N. M., González
Abad, G., Notholt, J., Warneke, T., Hannigan, J. W., Warneke,
C., de Gouw, J. A., Dunlea, E. J., De Mazière, M., Griffith, D.
W. T., Bernath, P., Jimenez, J. L., and Wennberg, P. O.: Importance of secondary sources in the atmospheric budgets of
formic and acetic acids, Atmos. Chem. Phys., 11, 1989–2013,
doi:10.5194/acp-11-1989-2011, 2011.
Pozzer, A., Jöckel, P., Tost, H., Sander, R., Ganzeveld, L., Kerkweg, A., and Lelieveld, J.: Simulating organic species with
the global atmospheric chemistry general circulation model
ECHAM5/MESSy1: a comparison of model results with observations, Atmos. Chem. Phys., 7, 2527–2550, doi:10.5194/acp-72527-2007, 2007.
Pozzer, A., Jöckel, P., and Van Aardenne, J.: The influence of the
vertical distribution of emissions on tropospheric chemistry, Atmos. Chem. Phys., 9, 9417-9432, doi:10.5194/acp-9-9417-2009,
2009.
Pozzer, A., Pollmann, J., Taraborrelli, D., Jöckel, P., Helmig, D.,
Tans, P., Hueber, J., and Lelieveld, J.: Observed and simulated
global distribution and budget of atmospheric C2 –C5 alkanes,
Atmos. Chem. Phys., 10, 4403–4422, doi:10.5194/acp-10-44032010, 2010.
Pozzer, A., de Meij, A., Pringle, K. J., Tost, H., Doering, U. M., van
Aardenne, J., and Lelieveld, J.: Distributions and regional budgets of aerosols and their precursors simulated with the EMAC
chemistry-climate model, Atmos. Chem. Phys., 12, 961–987,
doi:10.5194/acp-12-961-2012, 2012.
Ran, L., Zhao, C., Geng, F., Tie, X., Tang, X., Peng, L., Zhou,
G., Yu, Q., Xu, J., and Guenther, A.: Ozone photochemical production in urban Shanghai, China: Analysis based on ground
level observations, J. Geophys. Res.-Atmos., 114, D15301,
doi:10.1029/2008JD010752, 2009.
Riahi, K., Grübler, A., and Nakicenovic, N.: Scenarios of long-term
socio-economic and environmental development under climate
stabilization, Technol. Forecast. Soc., 74, 887–935, 2007.
Roeckner, E., Brokopf, R., Esch, M., Giorgetta, M., Hagemann, S.,
Kornblueh, L., Manzini, E., Schlese, U., and Schulzweida, U.:
Sensitivity of simulated climate to horizontal and vertical reso-

Atmos. Chem. Phys., 16, 6931–6947, 2016

lution in the ECHAM5 atmosphere model, J. Climate, 19, 3771–
3791, 2006.
Sack, T. M., Steele, D. H., Hammerstrom, K., and Remmers, J.:
A survey of household products for volatile organic compounds,
Atmos. Environ., 26, 1063–1070, 1992.
Sander, R., Baumgaertner, A., Gromov, S., Harder, H., Jöckel, P.,
Kerkweg, A., Kubistin, D., Regelin, E., Riede, H., Sandu, A.,
Taraborrelli, D., Tost, H., and Xie, Z.-Q.: The atmospheric chemistry box model CAABA/MECCA-3.0, Geosci. Model Dev., 4,
373–380, doi:10.5194/gmd-4-373-2011, 2011.
Sandu, A. and Sander, R.: Technical note: Simulating chemical
systems in Fortran90 and Matlab with the Kinetic PreProcessor
KPP-2.1, Atmos. Chem. Phys., 6, 187–195, doi:10.5194/acp-6187-2006, 2006.
Sarigiannis, D. A. and Gotti, A.: Biology-based dose-response models for health risk assessment of chemical mixtures, Fresen. Environ. Bull., 17, 1439–1451, 2008.
Seinfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and
physics: from air pollution to climate change, John Wiley &
Sons, 2012.
Sindelarova, K., Granier, C., Bouarar, I., Guenther, A., Tilmes, S.,
Stavrakou, T., Müller, J.-F., Kuhn, U., Stefani, P., and Knorr, W.:
Global data set of biogenic VOC emissions calculated by the
MEGAN model over the last 30 years, Atmos. Chem. Phys., 14,
9317–9341, doi:10.5194/acp-14-9317-2014, 2014.
Snyder, R., Witz, G., and Goldstein, B. D.: The toxicology of benzene, Environmental health perspectives, 100, 293-306, 1993.
Suthawaree, J., Tajima, Y., Khunchornyakong, A., Kato, S., Sharp,
A., and Kajii, Y.: Identification of volatile organic compounds in
suburban Bangkok, Thailand and their potential for ozone formation, Atmos. Res., 104, 245–254, 2012.
Tan, J.-H., Guo, S.-J., Ma, Y.-L., Yang, F.-M., He, K.-B., Yu, Y.-C.,
Wang, J.-W., Shi, Z.-B., and Chen, G.-C.: Non-methane hydrocarbons and their ozone formation potentials in Foshan, China,
Aerosol Air Qual. Res., 12, 387–398, 2012.
Tørseth, K., Aas, W., Breivik, K., Fjæraa, A. M., Fiebig, M.,
Hjellbrekke, A. G., Lund Myhre, C., Solberg, S., and Yttri,
K. E.: Introduction to the European Monitoring and Evaluation Programme (EMEP) and observed atmospheric composition change during 1972–2009, Atmos. Chem. Phys., 12, 5447–
5481, doi:10.5194/acp-12-5447-2012, data available at: http://
www.nilu.no/projects/ccc/emepdata.html, 2012.
Tost, H., Jöckel, P., Kerkweg, A., Sander, R., and Lelieveld, J.: Technical note: A new comprehensive SCAVenging submodel for
global atmospheric chemistry modelling, Atmos. Chem. Phys.,
6, 565-574, doi:10.5194/acp-6-565-2006, 2006
Tremp, J., Mattrel, P., Fingler, S., and Giger, W.: Phenols and nitrophenols as tropospheric pollutants: emissions from automobile
exhausts and phase transfer in the atmosphere, Water Air Soil
Poll., 68, 113–123, 1993.
van Vuuren, D. P., Feddema, J., Lamarque, J.-F., Riahi, K., Rose, S.,
Smith, S., and Hibbard, K.: Work plan for data exchange between
the integrated assessment and climate modeling community in
support of phase-0 of scenario analysis for climate change assessment (representative community pathways), assessment (Representative Community Pathways), 3, 4, 2008.
Van Vuuren, D. P., Edmonds, J., Kainuma, M., Riahi, K., Thomson,
A., Hibbard, K., Hurtt, G. C., Kram, T., Krey, V., Lamarque, J.F., Masui, T., Meinshausen, M., Nakicenovic, N., Smith, S. J.,

www.atmos-chem-phys.net/16/6931/2016/

D. Cabrera-Perez et al.: Global budget of aromatic compounds in the atmosphere
and Rose, S. K.: The representative concentration pathways: an
overview, Climatic Change, 109, 5–31, 2011.
Wesely, M.: Parameterization of surface resistances to gaseous dry
deposition in regional-scale numerical models, Atmos. Environ.,
23, 1293–1304, 1989.
WMO: Air quality guidelines for Europe, Air Management Information System (AMIS), World Health Organization, Geneva,
2000.
Yassaa, N., Ciccioli, P., Brancaleoni, E., Frattoni, M., and Meklati,
B. Y.: Ambient measurements of selected VOCs in populated and
remote sites of the Sahara desert, Atmos. Res., 100, 141–146,
2011.
Yokelson, R. J., Burling, I. R., Gilman, J. B., Warneke, C., Stockwell, C. E., de Gouw, J., Akagi, S. K., Urbanski, S. P., Veres,
P., Roberts, J. M., Kuster, W. C., Reardon, J., Griffith, D. W. T.,
Johnson, T. J., Hosseini, S., Miller, J. W., Cocker III, D. R., Jung,
H., and Weise, D. R.: Coupling field and laboratory measurements to estimate the emission factors of identified and unidentified trace gases for prescribed fires, Atmos. Chem. Phys., 13,
89–116, doi:10.5194/acp-13-89-2013, 2013.

www.atmos-chem-phys.net/16/6931/2016/

6947

You, X. I., Senthilselvan, A., Cherry, N. M., Hyan, G., Kim, M., and
Burstyn, I.: Determinants of airborne concentrations of volatile
organic compounds in rural areas of Western Canada, J. Expo.
Sci. Env. Epid., 18, 117–128, 2008.
Yu, Y., Panday, A., Hodson, E., Galle, B., and Prinn, R.: Monocyclic
aromatic hydrocarbons in Kathmandu during the winter season,
Water Air Soil Poll., 191, 71–81, 2008.
Yurdakul, S., Civan, M., and Tuncel, G.: Volatile organic compounds in suburban Ankara atmosphere, Turkey: sources and
variability, Atmos. Res., 120, 298–311, 2013.

Atmos. Chem. Phys., 16, 6931–6947, 2016

