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ABSTRACT: Polycyclic aromatic hydrocarbons (PAHs) and some of their nitrated derivatives,
NPAHs, are seemingly ubiquitous in the atmospheric environment. Atmospheric lifetimes may
nevertheless vary within a wide range, and be as short as a few hours. The sources and sinks of
NPAH in the atmosphere are not well understood. With a Lagrangian field experiment and
modeling, we studied the conversion of the semivolatile PAHs fluoranthene and pyrene into the 2-
nitro derivatives 2-nitrofluoranthene and 2-nitropyrene in a cloud-free marine atmosphere on the
time scale of hours to 1 day between a coastal and an island site. Chemistry and transport during
several episodes was simulated by a Lagrangian box model i.e., a box model coupled to a Lagrangian
particle dispersion model, FLEXPART-WRF. It is found that the chemical kinetic data do capture
photochemical degradation of the 4-ring PAHs under ambient conditions on the time scale of hours
to 1 day, while the production of the corresponding NPAH, which sustained 2-nitrofluoranthene/
fluoranthene and 2-nitropyrene/pyrene yields of (3.7 ± 0.2) and (1.5 ± 0.1)%, respectively, is by far
underestimated. Predicted levels of NPAH come close to observed ones, when kinetic data
describing the reactivity of the OH-adduct were explored by means of theoretically based estimates. Predictions are also
underestimated by 1−2 orders of magnitude, when NPAH/PAH yields reported from laboratory experiments conducted under
high NOx conditions are adopted for the simulations. It is concluded that NPAH sources effective under low NOx conditions,
are largely underestimated.

1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) and their alkylated,
nitrated (NPAHs) and oxygenated (OPAHs) derivatives in the
atmospheric environment are of concern because of harmful
effects on human health1−4 and ecosystems.5,6 PAHs and their
derivatives are formed in all types of combustion processes,
and also petrogenic sources can be significant. The parent
PAHs7−10 and NPAHs11−15 are ubiquitous in the atmospheric
environment, including the world oceans16−18 and polar
regions.19−21 NPAHs distribute across environmental compart-
ments and they may revolatilize.22 Nevertheless, many of these
substances are usually transformed within hours depending on
the abundance of oxidants and solar radiation.9 The nitrated
derivatives’ biological effects often are stronger than those of
the parent PAHs, which has been documented for the
mutagenicity of fluoranthene (FLT), pyrene (PYR), chrysene,
and benzanthrone4,22−25 and for developmental toxicity of
phenanthrene, anthracene, PYR, and benzanthrone.26 Nitra-

tion may also turn a PAH into a precursor of reactive oxygen
species in the epithelial lung fluid3,27,28 and, hence, add to
oxidative stress and damage and, ultimately, related chronic
diseases.
Most PAHs partition between the gaseous and particulate

phases of aerosols to a significant extent29,30 and are subject to
revolatilization from land and sea surfaces.18,31−34 PAH
atmospheric fate is complex and incompletely understood.
Major knowledge gaps are chemical kinetics and pathways of
the homogeneous gas-phase and of multiphase reactions in
aerosols,9,32,35−37 whereas phase partitioning and deposition
processes are consistently described.30,38−40 Many NPAHs are
the products of the chemical transformations of PAH that
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occur in the atmosphere during both day- and night-time.
Some NPAHs are indicative products of certain chemical
transformation pathways, whereas others are directly emitted
from primary combustion sources.9,41−47

Modeling studies of PAHs have so far been overwhelmingly
focused on benzo(a)pyrene, a 5-ring PAH (e.g., refs 37, and
48−52). Benzo(a)pyrene is a criteria pollutant in many
countries and used as a representative substance for parent
PAHs or even polycyclic aromatic compounds as a whole. The
nitrated derivatives of PAHs are however not designated as a
criteria/regulated pollutant. The fate of semivolatile PAHs in
ambient air is significantly influenced by gas-particle
partitioning and air-surface exchange. It has so far been
addressed by modeling studies mostly on large spatial and
temporal scales (weeks and longer),7,10,53−56 while the
understanding on time scales of hours to days has hardly
ever been validated by modeling. The transformation of PAHs
into derivatives, NPAH or OPAH, has so far been studied with
regard to long-term multicompartmental distribution under
steady state conditions (2−4 ring PAHs),22 but not
dynamically. FLT and PYR as well as their nitrated derivatives
are toxic4,57,58 and the latter are long-lived and, probably,
ubiquitous.11,12

Long-range transport from urban and industrial sources on
land are the predominant sources of PAHs in the
Mediterranean.59−61 In the present study, the aim is to
investigate NPAH formation on time scales of hours (<1 day)
under ambient conditions. Specifically, we focus on the fate of
the truly semivolatile 4-ring PAHs FLT and PYR and the
formation of NPAH derivatives based on measurements at a
coastal source site and a remote receptor site in the Eastern
Mediterranean, using coupled box and Lagrangian dispersion
modeling (Lagrangian box model).

2. MATERIALS AND METHODS
2.1. Sites. During a coordinated field experiment, held in

summer 2012, focusing on cycling of PAHs and POPs in the
Aegean,32,33 simultaneous samples were taken at a rural station,
Urla, at the western margin of the metropolitan area of Izmir,
Turkey (≈4.3 million inhabitants), and at Finokalia, on the
Cretan north coast. The region spanned between these two
sites, direct distance 340 km, is the southeastern part of the
Aegean Sea with very few islands and little ship traffic.
The rural site, Urla (38.3° N/26.6° E), is about 45 km west-

southwest from the center of Izmir. The marine background
site on Crete, Finokalia (35.3°N/25.7°E), is located on a cliff
on the north coast of the island, some 20 km away of any
anthropogenic emissions and 70 km east of major anthro-
pogenic emissions (Iraklion, a city of 100 000 inhabitants with
airport and industries).62,63 During the campaign, the northerly
air flow determined that Urla is the upwind (i.e., source) and
Finokalia is the downwind (i.e., receptor) site.
2.2. Sampling and Analysis. At Urla, gaseous and

particulate phases were collected with a midvolume sampler
(Thermo-Andersen, model GPS-11, F ≈ 15 m3/h) and at
Finokalia with a high-volume sampler (model HVS110,
Baghirra, Prague, F ≈ 68 m3/h) equipped with a cascade
impactor (Andersen, PM10 inlet, cutoffs 7.2, 3.0, 1.5, 0.95, 0.45
μm of aerodynamic particle diameter and back-up filter). At
Urla, gases and particles (TSP) were collected on glass fiber
filter and polyurethane foam (PUF) plugs. The sampling times
were day-time (≈9 h) and nighttime (≈14 h), start times given
by sunrise and sunset during 2−13 July 2012.

At Finokalia, two PUF plugs (Gumotex, Brěclav, Czech
Republic, density 0.030 g cm−3, 110 mm diameter, cleaned by
extraction in acetone and dichloromethane, 8 h each, placed in
a glass cartridge) were placed in series downstream of the
impactor. The particles were collected on preheated (480 °C),
slotted quartz fiber filters (Environmental Tisch TE-230QZ)
and on the backup filter (Whatman QMA 254 × 203 mm).
Sampling frequencies were 12 hly for gaseous and 24−48 hly
for size-resolved particulate fractions.
PM mass concentration at the receptor site was derived from

optical particle counting (32 bins >0.25 μm, Grimm model
1.105, Ainring, Germany; sphericity assumption). Meteoro-
logical parameters (air temperature, humidity, wind direction
and velocity) and many other supporting parameters were
available at Finokalia.33

PAHs and NPAHs were analyzed by gas-chromatography/
mass spectrometry in total organic extracts of filter and PUF
plug samples. The extraction, cleanup, and chromatographic
methods are described, and the QA parameters given in the
Supporting Information (SI) S1.
OM and BC were analyzed in punches of TSP GFF filter

samples collected at Urla. OM was determined by burning the
filters at 550 °C for 6 h. The BC analysis was run in a
transmissometer (Magee, model OT21).

2.3. Atmospheric Transport Modeling. 2.3.1. Model
Setup. The Lagrangian particle dispersion model FLEXPART-
WRF was run for every of the 22 sampling times at the source
site. Analyzed wind fields (ECMWF reanalyses, 0.25°
resolution) were used as input to FLEXPART-WRF. Several
simulations showed computational particles passing over the
receptor site, of which 6 are selected as transport episodes for a
Lagrangian box model (LBM; SI Figures S1 and S2). The term
transport episode is used here, for events with a significant
(1.4−2.7% of released computational particles i.e., 650−1000)
large number of Lagrangian particles (trajectories) crossing the
receptor box chosen for Finokalia. From the particle dump
files, the computational particle positions and the interpolated
meteorological parameters at these positions (e.g., humidity,
temperature, mixed layer depth) were obtained using the
Matlab software. FLEXPART-WRF was run with a gas tracer,
so no chemical or physical degradation was simulated during
transport, that is, the FLEXPART-WRF options for the
reaction with OH radicals and dry and wet deposition were
not used. Meteorological input data was produced with WRF
version 3.4.1, for a spatial resolution of 3 × 3 km2 and 36
vertical layers, (a nested domain, within a 9 × 9 km2 mother
domain) with 30 min temporal resolution. FLEXPART-WRF
output was generated hourly. In all simulations, the number of
particles released was equal to the number of seconds of the
release time (the same as sampling duration at the source), this
varied from 32 400 to 49 500 (≈9−14 h).
A LBM (hourly and 0.2° × 0.2° resolutions, using the

MATLAB software) was developed and used to simulate the
chemical and physical degradation processes during the
atmospheric transport from the source location (Urla) to the
receptor site (Finokalia). For each of the 650−1000 computa-
tional particles per transport episode a box (parcel) of 1 m3

was defined. The particle coordinates and meteorological
parameters (T (K), mixed layer depth (ML, m)) of these
computational particles were assigned to the LBM parcels. For
clarification, in this paper, wherever the term “parcel” is used,
this exclusively refers to the traveling LBM unit-volume boxes,
while FLEXPART-WRF computational particles and collected
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PM are referred to using the term “particle”. Within parcels the
following processes are simulated: chemical degradation of
PAHs, production and photolysis of NPAHs, gas-particle
partitioning, stochastic dilution, revolatilization from the sea
surface, and gas and particulate deposition. The NPAH
concentration at the source site is assumed to be zero. This
is justified as the NPAHs studied, 2NFLT and 2NPYR are not
coemitted with PAHs in combustion processes, but exclusively
formed in atmospheric chemistry (refs. 43, 64, 65, SI Table
S1), and the air advected (from eastern and southeastern
Europe) to the source site was very clean, that is, not or very
little influenced by regional pollution.15 In the model, any
possible PAH primary emissions along transport are neglected.
This is justified regarding the very low population density on
islands of the area and ship traffic: The population in this area
is on the order of 1% of the population in the source area,
Izmir. Ship counts suggests that depending on exact location of
trajectory between the source and the receptor, emissions from
≤5 ships (including ferries and small ships) could have
influenced air parcels traveling in the marine boundary layer
(Universal Shipborne Automatic Identification System, ar-
chived data, MarineTraffic, Oxford, UK, personal communica-
tion, 2019).
Besides the computational particle positions and the

meteorological parameters provided by the FLEXPART-
WRF66 output, fields of relevant radicals, oxidants (OH, O3,
NO2, and NO3) and fine particulate matter (PM2.5) are further
input of the LBM. The latter ones were taken from a
simulation with the Eulerian Multiscale Atmospheric Trans-
port and Chemistry model (MATCH)67,68 at hourly and 0.2°
× 0.2° resolutions and model levels 250, 500, 750, 1000, 1250,
1500, 2000, and 3000 m. The uncertainty of the oxidant
(ozone and NO2) concentrations output by MATCH are
expected to be <15%.69

The LBM (coded in MATLAB) consists of 7 modules i.e.,
(1) Read and preprocess FLEXPART-WRF output; (2) Read
MATCH output; (3) Create stochastic dilution fields; (4)
Assign oxidant concentrations to particle positions; (5)
Generate ODE input parameters; (6) Run the ODE’s; and
(7) Postprocess output.
2.3.2. Integration of Ordinary Differential Equations.

Because the LBM treats every released parcel as an individual
Lagrangian traveling box, for each of these, at every hour of
travel from the source to the receptor, ODEs are solved. The
point source is the Urla site. The receptor box at Finokalia is
horizontally defined by 35.13−35.33°N and 25.6−25.8°E (a
larger one measuring 35.13−35.33° N and 25.4−26.0° E was
also tested), and vertically by the mixing layer depth, as
interpolated to particle positions by FLEXPART-WRF. Hence,
this mixing layer depth varies per parcel and per hourly output.
The ODE’s (Euler forward) are as follows:

θ θ= × × − × − × ×

− × Δ

c t k j c

k c

d /d c (1 ) cNPAH NPAH ox PAH PAH 5 NPAH NPAH

dil NPAH (1)

θ

θ θ

= − × × − ×

− × × × − × ×

− × Δ

_

_

c t F h k c c

k c k

k c

d /d / (1 )

c c

PAH sea PAH fl gPAH ox PAH PAH

pPAH ox PAH PAH dep PAH PAH PAH

dil PAH (2)

Where cPAH (molecules cm−3) is PAH concentration, initialized
by the one observed at the Urla station, the cox is the oxidant
concentration taken from the MATCH model (molecules
cm−3), the kNPAH (cm−3 molec−1 s−1) is the second order rate

coefficient for chemical degradation of NPAHs in the gas-
phase, j (s−1) is the photolysis rate coefficient of NPAHs in the
particulate phase, θPAH and θNPAH are the particulate mass
fractions of the PAHs and NPAHs, respectively, kdil (s

−1) is the
pseudoreaction rate coefficient for dilution in the traveling
parcels, ΔcNPAH and ΔcNPAH are concentrations above
background (see below, Section 2.3.5). Fsea_PAH (molecules
cm−2 s−1) is the diffusive gas exchange flux with the sea surface
(net of revolatilization and gaseous dry deposition), hfl is the
corresponding layer height, set to 30 m, kgPAH and kpPAH (cm−3

molec−1 s−1) are the first order rate coefficients for PAH
degradation in the gas and particulate phases, respectively, and
kdep_PAH (s−1) is the dry particulate deposition rate coefficient.
Wet deposition is not considered, because no precipitation was
recorded during the whole campaign. Fsea_PAH, was derived
from experimental data (at the receptor site) and found
positive (volatilizational) for episodes 2−4. The flux was
depositional for the other episodes.33

2.3.3. Atmospheric Chemistry. The chemical reactions of
NPAHs are described as follows:

F+ ·PAH OH PAHOHg g (R1,-1)

+ →·PAHOH NO NPAHg 2 (R2a)

+ →·PAHOH O productsg 2 (R2b)

F+PAH NO NPAHg 3 (R3,-3)

+ →PAH O productsp. 3 (R4)

ν+ →NPAH h productsp (R5)

with PAH standing for either FLT or PYR and indices g and p
denoting gas and particulate phase species, respectively. After
the rapid and reversible addition of OH to PAH, the main
NPAH-forming Reaction R2a is only a minor pathway in the
parallel reactions of the unstable OH-adduct, PAHOH•. The
OH-adduct may undergo three competing pathways: reaction
with NO2 (R2a), reaction with O2 (R2b) or decomposition
back to the Reaction R1,-1.70 Reaction R3,-3 comprises two
steps with reversible formation of the NO3-adduct in step 1
and reaction with NO2 in step 2.

70 The heterogeneous reaction
of PAHp with OH is neglected in the scheme as it was found to
not or negligibly contribute to NPAH formation in both field
and laboratory studies.71,72 A heterogeneous direct nitration of
PAH by NO2, possible in strong acidic phases,73 is neglected
too, as no evidence has been found in field nor laboratory
studies and its significance would be limited to ultrafine
particles, if at all.
However, this chemistry, sustaining 2NFLT and 2NPYR is

incompletely understood: experimental kinetic data for the
NPAH gas-phase formation and photolysis rates are rather
limited: For PAHs, data on Reaction R2a and R2b are available
only for nitronaphthalenes and methylnitronaphthalenes.74−76

In laboratory experiments under high NOx ((4.8−48) × 1013

molecules cm−3)77 high NPAH/PAH yields were found, that
is, ≈0.5% for 2NPYR, and 3% during the day (OH initiated)
and 24% during the night (NO3 initiated) for 2NFLT. These
should be lower under ambient NOx conditions ((0.5−50) ×
1010 molecules cm−3). In fact, values for the NPAH/PAH
ratios up to few percent have been observed: at the remote
receptor site studied here, the time weighted mean 2NPAH/
PAH yields were 1.5 and 3.7% for PYR and FLT, respectively
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(Section 3.2, below), whereas in continental air in central
Europe these were 0.6 and 4.1%.15 NO2 between the source
and receptor site over the Aegean Sea ranged 0.2−2.0 ppbv
(MATCH model, SI Table S5). In rural air in France <0.01
and 0.3% for 2NPYR and 2NFLT, respectively, was found.13 In
very clean air over the South Atlantic was found <0.03 and
1.9% for 2NPYR and 2NFLT, respectively (unpublished). In
polluted atmospheres in summer, 1.2 and 1.7%, were found on
average for 2NPYR and 2NFLT, respectively (Athens,
residential site),78 0.6 and 2.6%, respectively (Marseille,
urban site),13 and ≈0.1 and 1.1%, respectively (Grenoble,
urban site).79

Here, apart from current state of knowledge (default
scheme), in order to account for data uncertainties, we test
two more reactivity schemes. These represent findings from
laboratory studies under unrealistically high NOx condi-
tions42,70 (empirical scheme), and an upper estimate with
regard to NPAH abundance (upper estimate scheme).
Reaction rates are listed in Table 1.
Default Reactivity Scheme. The OH-adduct formed in

Reaction R1,-1, reacts with rate limiting NO2 addition to form
NPAH (R2a). (R2a) is in competition with degradation by O2
in an irreversible reaction pathway (R2b). Assuming steady
state for the adduct concentration, cPAHOH•, it holds:

θ− × = + +− ·k c k k c k c c(1 ) c ( )1 PAH PAH OH 1 2a NO2 2b O2 PAHOH (3)

where, k−1 can be neglected since it is small against k2b cO2 in
air at 1 atm. The experimentally accessible k1 (Table 1) then
stands for the net process of product formation (R1,-1), and
for the NPAH formation rate dcNPAH/dt it holds:

θ θ= + − × − ·c t k c c c j cd /d k c (1 )NPAH 2a NO2 PAHOH 3 NO3 PAH PAH 5 NPAH NPAH

(4)

With cPAHOH• from 3 replaced in 4, for the NPAH chemical
source and sink (R5) terms this becomes

θ

θ

θ

= × − × ×

= [ + + ] × −

× − × ×

c t k c j

k k c c k c k c k c

c j c

d /d c

/( ) (1 )

NPAH NPAH PAH 5 NPAH NPAH

1 2a NO2 OH 2a NO2 2b O2 3 NO3 PAH

PAH 5 NPAH NPAH (5)

The reaction rate coefficients of the OH-adducts of FLT and
PYR, k2a and k2b, are adopted from data for benzene and
naphthalene (as detailed in SI S2), because of lack of
experimental data specifically for FLT and PYR. The ratio of
rate coefficients of the reactions of the OH-adduct with NO2
and O2, k2a/k2b, has the value 3.6 × 104. For the NPAH sink
term, a high estimate of j5 (i.e., 1.3 × 10−4 s−1 corresponding to
noon) is adopted: A very high value, 5.0 × 10−4 s−1, had been
reported from reactivity on wood smoke particles.80 The
relevant aerosol is certainly less reactive than wood smoke
particles. Between 10 and 100% of 5.0 × 10−4 s−1 was
estimated on other aerosol surfaces.81 Good agreement
between predicted and observed 2NFLT lifetime was found
when assuming j5(2NFLT) = j5(2NNAP) ≈ 1.3 × 10−4 s−1.42

Heterogeneous oxidation reactions of PAHs as source of
NPAHs are neglected, as these are considered to be far less
significant in ambient air.42,82

PAH loss by ozone is considered in the particulate phase
only, as the homogeneous reaction is considered to be
negligible.9,43

For the ODE for cPAH, the default scheme contains the
following equation:

θ

θ

= [ + + ] × −

× − [ ] × ×

c t k k c k c c k c

k c c

d /d c /( k ) (1 )

c
PAH 1 2a NO2 OH 2a NO2 2b O2 3 NO3 PAH

PAH 4 O3 PAH PAH (6)

Empiric Reactivity Scheme. To the NPAH source term,
kNPAH × cPAH, the 2NPAH/PAH yields which were observed in
the laboratory under high NOx conditions and light were
applied. These were found to not extrapolate to zero for low
NOx conditions, which raises some confidence that they might
be applicable under ambient conditions:42

= × = + ×c t k c k y c k y c cd /d ( )NPAH NPAH PAH 1 OH OH 3 NO3 NO3 PAH (7)

with yOH and yNO3 being the respective yields, c2NPAH/cPAH.
Note that these yields reported are not consistent with the

above mechanism: the yields according to this mechanism
would be given by k2a cNO2/(k2a cNO2 + k2b cO2), which
corresponds to 0.003−0.3% for the ambient relevant range of
(1.2−120) × 1010 molecules cm−3 (≈0.5−50 ppbv) NO2. In
contrast, Atkinson and Arey,42 found independence of the
NPAH yields of cNO2. Consistent with the laboratory data, the
photolysis sink term is not explicitly included in this empiric
reactivity scheme. At least the yield for the oxidation by OH
was observed in the presence of UV light (<400 nm),41 hence,
at least a significant fraction of j5 was included and sustained
the yield observed.

Table 1. FLT and PYR Chemistry Kinetic Data for 298 K
Including Yield Expressions, yOH × k1 and yNO3 × k3, for
2NFLT and 2NPYR Formation Differing in Various
Reactivity Schemes

scheme
FLT or
2NFLT PYR or 2NPYR

yOH × k1 [10
−12 cm3

molec−1 s‑1]
default 1 × 11a 1 × 50a

empiric 0.03 × 11a 0.005 × 50a

upper 1 × 11a 1 × 50a

k2a [10
−12 cm3 molec−1 s−1] default 0.36b 0.36b

empiric not applied not applied
upper 373 ×

0.36b,c
373 × 0.36b,c

k2b [10
−17 cm3 molec−1 s−1] default 1.0d 1.0d

empiric not applied not applied
upper 1.0/373c,d 1.0/373c,d

yNO3 × k3 × |cNO2|
[10−27cm3 molec−1 s−1]

default 1 × 0.51e 1 × 1.6e

empiric 0.24 ×
0.51e

0 × 0.51e

upper 1 × 0.51e 1 × 1.6e

k4 [s
−1] all 0a 7 × 10−4cO3/

(3 × 1015 + cO3)
f

j5 [10
−3 s−1] default 0.13g 0.13g,h

empiric not applied not applied
upper 0.13g 0.13g,h

aStands for the net process (Keyte et al., 2013;9 Finlayson-Pitts and
Pitts, 200243). bAdopted from the reaction of the naphthalene−OH
adduct with NO2.

84 cEnhancement factor 373 corresponding to the
rate coefficient ratio k2a/k2b = 5 × 109, predicted for PYR.83 dAdopted
from the reactions of the benzene OH adducts with O2 and its
temperature dependence84−86 eAtkinson, 1991.87 fKahan et al.,
2006.88 gAtkinson and Arey, 1994, 2007.42,70 hValue for 2NFLT
adopted as suggested by Fan et al., 1996.80
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Upper Estimate Reactivity Scheme. The upper estimate of
chemically sustained NPAH concentration deviates in k2a and
k2b from the default scheme: A higher value for the ratio k2a/k2b
is chosen, 5 × 109, which had been predicted for PYR,83

related to the larger, 4-ring aromatic system. The value of k2a/
k2b obtained from experimental data, 3.6 × 104 for aromatics
with 1−2 rings, is in agreement with theoretical predictions (9
× 103 and 8 × 104 for the benzene and naphthalene adducts,
respectively.83 Because of delocalization over larger aromatic
systems favoring the stability of the adduct and preferential
interaction with the radical NO2. That is, combination of two
radicals, k2a/k2b should be considerably higher for the OH
adduct of PAHs with more rings. In this chemical reactivity
scheme of high reactivity toward NPAH formation, k2a is
increased and k2b is reduced such as the ratio k2a/k2b equals the
theoretically predicted value for PYR, that is, 5 × 109.83 This is
applied for both PYR and FLT as no such theoretical
prediction is available for FLT.
k1 is set to zero from 21:00 to 5:00 EEST (EET+1 = UTC

+3) and k3 from 5:00 to 21:00 EEST. For every parcel, the
concentrations of OH, NO2, NO3, and O3 are obtained from
MATCH, from the grid cell corresponding to the parcel’s
location. For each air parcel, PAH degradation and NPAH
formation are simulated by numerical integration of first order
differential equations (using the ODE45 solver in the
MATLAB software).
2.3.4. Gas-Particle Partitioning and Particulate Phase

Deposition. The particulate fraction can be estimated as

θ = × × +K KTSP/( TSP 1)P P (8)

with particle-gas partition coefficient, Kp (m
3 μg−1), and total

suspended particulates’ concentration (m3 μg−1). For the
latter, the PM2.5 (μg m−3) levels provided by the MATCH
model were ’extrapolated’ to PM10 (subsequently used as TSP)
by using the observed ratio (PM10/PM2.5) at Finokalia, as
follows:

= = ×
−

TSP PM PM (PM /PM )parcel 10parcel 2.5 MATCH 10 2.5

(9)

For PAHs the dual OM absorption and BC adsorption
model30 is applied:

ρ ρ= × + ×

×

−
−

−

K f K f K

a a

10 ( / /

/ )

p
12

OM oct OA BC BC soot air

atm BC soot (10)

with the fraction of organic matter f OM derived from the
observed fraction of organic carbon fOC at Urla (ranging 0.57−
0.8, see SI Table S2), f OM = f OC/0.6, the density of octanol,
ρoct, is 0.820 kg L−1,9 black carbon (BC) properties are
approximated by diesel soot, that is, a density of 1 kg L−1, for
example,89 f BC was observed in Urla (ranging: 0.01−0.09, see
SI Table S2), aatm‑BC/asoot is assumed to be 1. KOA(T) is given
as log KOA = −4.56 + 3985/T and log KOA = −4.34 + 3904/T
for PYR and FLT, respectively.90 Ksoot‑air(PL) is given as

μ[ ] = − × [ ] − −−
−K P alog m g 0.85 log Pa 3.06 log(998/ )soot air

3 1
L soot

(11)

following,91 with log PL(Pa) = 11.70−4164/T and log PL(Pa)
= 12.47−4382/T for PYR and FLT, respectively.90,92

For NPAHs, the particulate fraction, φNPAH, is calculated
from the observed concentrations in both phases at Finokalia
(SI Table S3b). For each transport episode, one value of φNPAH
is used for all time steps along transport to Finokalia. The

inherent uncertainties are expected to not be larger than when
predicting θNPAH based on a gas-particle partitioning model,
see ref 78, because the model input parameters would be
uncertain (estimates) and the temperature change during
transport was small (ranged 282−306 K, 5−95% ranged 292−
303 K).
The particulate phase deposition flux is defined as follows:

= ×F v hdep dep mix (12)

with vdep from,94 following.95 The mean wind speed (5.4 m s−1

based on 30 min averages; see also,33 was used to read the vdep
from this literature source.94

2.3.5. Air−Sea Gas Exchange Flux and Stochastic Dilution
Rate. According to gradient and micrometeorological measure-
ments during the same campaign,33 in the model, the diffusive
gas exchange flux with the sea surface, Fsea (ng m−3 h−1), that
is, volatilization and gaseous dry deposition, is only accounted
for parcels traveling over sea, below a reference height (href =
30 m) and during day-time. No volatilization during night time
had been observed.33

The dispersion in the FLEXPART model dilutes the cloud
of released particles. According to the definition of a
Lagrangian model, inside a particle no dispersion or dilution
occurs. However, when simulating concentration changes (of
cPAH, cNPAH) in traveling volumes, dilution needs to be applied
within these parcels. Similar to budgeting in a puff model, for
example,96,97 where mass is conserved, while the volume
expands, here the loss of mass is simulated and the volume
kept constant (1 m3). Dilution is approximated as a first order
pseudochemical reaction, recalculated for each time step

= − ×N t k Nd /d dil (13)

= − −k N Nln( / )/3600tdil t 1 (14)

with kdil the pseudo reaction rate coefficient. N, the number of
particles per grid cell, is taken from a pregenerated gridded
field (0.1° × 0.1°; 45 vertical levels between the surface and
4500 m). In order to exclude extremes, the median over the kdil
within a release group is assigned to all parcels in that release
group. A release group consists of the number of selected
computational particles released in 1 h by FLEXPART-WRF.
The kdil is only calculated for the computational particles that
arrive in the receptor box, because only these are selected for
the LBM. However, the positions of the total number of
released particles per sample is used to obtain N, the number
of particles per high resolution grid cell. In other words, if a
release group is considered a puff, the median dilution over
parcels per hour in a puff is allocated to all parcels in that puff.
This can be justified for the homogeneous air flows and rather
narrow plumes (see SI Figure S1). The terms -kdil × ΔcPAH and
−kdil × ΔcNPAH are, accordingly, added to the ODEs eqs 1 and
2, respectively. Hereby, Δc refers to the concentration above
background concentration, cbkcgrd. cbkcgrd for PAHs is
represented by the campaign mean total (gas + particulate)
concentration at the remote receptor site. For NPAHs a zero
background concentration is assumed.

3. RESULTS AND DISCUSSION
3.1. Lagrangian Transport Analyses. The large scale

circulation was almost ideally suitable for the transport
analysis: The synoptic situation during 2−11 July 2012 over
the Aegean region caused a homogeneous air flow from
Western Turkey to Crete. The sky was cloud-free all the time.
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No frontal passage occurred, hence for all transport episodes
homogeneous air mass transport could be assumed (SI Figure
S1). The urban influence from the source area, Izmir, as well as
other urban areas in the region, on individual samples collected
at the remote receptor site is quantified in SI Figure S3.15

SI Figures S1 and S2 illustrate the dispersion occurring as air
pollution is transported from Urla to Finokalia. A few percent
of the released particles in FLEXPART-WRF arrive directly in
the receptor box. When a larger receptor box, tripled in east−
west direction (35.13−35.33°N/25.4−26.0°E, instead of
35.13−35.33°N/25.6−25.8°E) was tested, obviously more
particles crossed the receptor box, while the predicted

concentrations showed no significant changes. In order to
compare the simulated concentrations upon arrival in the
receptor box to the observed levels at Finokalia (in Figure 1
and SI Table S6), weighted means of several samples are
necessary (cf. SI Table S4). SI Figure S2 shows the parcels
belonging to the six selected Urla samples, and SI Table S4
how arrival times in the receptor box overlap with multiple
sampling times at Finokalia.

3.2. PAH Transformation along Transport. The PAH
and NPAH concentrations observed at the receptor site are
listed in SI Table S3. These NPAH levels are by more than 1
order of magnitude lower than 1 decade before at the same site

Figure 1. Change of predicted concentrations of PAH and NPAH (median of parcels followed, ng m−3) for the selected transport episodes from
source (Urla) to receptor (Finokalia) (first row episodes No. 1−3, second row episodes No. 4−6), and comparison with observed values (PAH:
silver, NPAH: black) at the receptor site, for (a) FLT and (b) PYR, for default (PAH: light blue, NPAH: dark blue), empiric (PAH: pink, NPAH;
red) and upper (PAH: light green, NPAH; dark green) reactivity schemes. Symbols along full lines mark full hours of transport time.
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during the same season.15,16 The levels of NPAHs in the
current study are the lowest ever reported from a marine
environment.
The NPAH pattern observed, which includes primary

(1NPYR) and secondary NPAHs (2NPYR, 2NFLT), confirms
the perception of a receptor site, that is, that NPAHs were
dominated by secondary formation (photochemistry, indicated
by 2NFLT/1NPYR > 5, this ratio actually ranged 7−21, see SI
Table S3b).9 The 2NPAH/PAH yields were (3.7 ± 0.2) and
(1.5 ± 0.1)% for FLT and PYR, respectively (time-weighted
mean ± standard deviation, n = 8; SI Table S3b).
The matrix of samples collected at the source site (selected

as episodes, marked bold in SI Table S2a) and samples
collected at the receptor site (SI Table S3b), connected by
transport are shown in SI Table S4. As in SI Figure S2, this
matrix shows that arrival times in the receptor box overlap with
multiple sampling times at Finokalia. Therefore, weighted
means are calculated from the observed concentrations in
order to compare the observed and simulated concentrations
at the receptor site Finokalia. Figure 1 shows the PAH
degradation and NPAH production during transport, as the
median total concentration over all parcels per stage (or
fraction) of travel. Per selected transport episode, the parcels
per stage are determined by first finding the longest time it
takes a parcel to reach the receptor, for example 20 h; second,
for all parcels the first value is placed at 1 and the last at 20 and
the other values are equally distributed in between; and third,
the missing values are interpolated. In this way, it is possible to
visualize as median over all parcels per selected transport
episode, how the concentration changes during different stages
(fractions) of the travel. For example, the median PAH and
NPAH concentrations at fraction 0.5, is the median over the
PAH and NPAH concentrations over all parcels when they are
at 50% of the travel.
Predicted concentrations in same episode differed by up to a

factor of ≈2 across parcels (defined as the ratio between the
5%ile and 95%ile of the distribution). This mostly results from
the spatial variation of the individual trajectories, and, hence,
the spatial variability of LBM input, that is, most influential
oxidant concentrations and meteorological parameters.
Episodes 1−3 contributed to one sample at the receptor site

(F_CG1; see SI Table S4). Because of the distribution of
arrival times of samples (SI Table S4, most significant for
episode 1), apparent underestimates of PAH and NPAH
concentrations of this receptor site sample can be expected,
and may explain up to a factor of 2−3. (In case of sample
F_CG1, rather the sum of the predictions should be compared
with the observation.) In our simulations, the ratio 2NPAH/
PAH was assumed to be zero at the source site. However, an
eventual NPAH background, formed in aged polluted air
masses, could have been advected to the source site, thus
leading to nonzero 2NPAH/PAH there, and apparent
underestimate of NPAH levels at the receptor site. In fact, a
small influence, < 2%, of the Istanbul plume on the samples
collected at the source site was indicated during episodes 1−4
(samples F_CG1−3 and F_CG5) and episode 6 (in sample
F_CG16; SI Figure S3, Table S43).
The simulations show that the available kinetic data (default

reactivity scheme; SI Table S65, Figure 1, SI Figure S4) fail to
explain observed NPAH formation, underestimating the
NPAH concentration at the receptor site by typically 5 and
4 orders of magnitude for 2NFLT and 2NPYR, respectively.
Under the empiric reactivity scheme, NPAH concentrations at

the receptor site are still underestimated by 1−2 orders of
magnitude (SI Table S6, Figure 1 and SI Figure S4). For
episodes 2−3, the 95th percentiles of the predictions are
similar (FLT) or close (PYR) to the observed NPAH levels.
This prediction was based on yOH of 3.0 and 0.5% for 2NFLT/
FLT and 2NPYR/PYR, respectively (Table 1). Even with the
maximum yields observed in the field so far, that is, 4.1% and
1.5% for 2NFLT/FLT (campaign mean in the South Atlantic,
unpublished) and 2NPYR/PYR (this campaign mean)15 and,
respectively, the discrepancy between predicted and observed
would be of the same magnitude.
The predictions come closer to the observations under the

upper reactivity scheme (SI Table S6, Figure 1 and SI Figure
S4): 2NFLT is underpredicted by 1 order of magnitude and
2NPYR is underestimated by a factor of 5−7 in episodes 1−2
and a factor of ≈2 in episodes 3−6. The 95th percentiles of the
predictions exceed the observed NPAH levels by up to 1 order
of magnitude, 2NPYR in few episodes by more. Note that a
significant part of the underestimate in episode 1 can be
explained by the contribution of several episodes to the same
sample (above). The medians of predicted yields range 0.2−
2.4% for 2NFLT/FLT and 0.2−4.4% for 2NPYR/PYR. The
ranges of predicted 2NFLT/FLT and 2NPYR/PYR yields are
in the same order of magnitude than observed at
continental13,15 and polluted sites,13,77,78 with the exception
of predicted 2NPYR/PYR yields exceeding observations made
in rural air in France13 and in very clean air over the South
Atlantic (own unpublished data). No further comparison is
possible, as reaction time is unknown for these observations.
This upper reactivity scheme adopts a higher NPAH formation
rate, dominated by a theoretically based (Density Functional
Theory)83 and much higher ratio of rate coefficients, k2a/k2b,
for the 4-ring PAHs than for 1−2 ring PAHs.
We also tested the influence of the sink rate on NPAH

prediction by switching off photolysis. This resulted in higher
levels of NPAH, but not dramatically. Under a so modified
upper reactivity scheme (j5 = 0, not in Table 1), 2NFLT is still
underpredicted by a factor of 3 in most episodes, while it
matches quite well the observed value in episode 3 (data not
shown), and 2NPYR predictions match quite well in episodes
1, 5, and 6, and are found within 1 order of magnitude of
discrepancy (underestimates as well as overestimates) in the
other episodes. This clearly indicates, that it is the uncertainty
of formation kinetics, not the uncertainty of the photolysis
which is dominating the deficiency of the current kinetic
knowledge (represented by the default reactivity scheme). The
sink (photolysis, j5) is particularly uncertain for PYR (value for
FLT adopted, see Table 1). Field observations of very low
ratios 2NPYR/PYR, that is, < 0.013% (rural France),13 <
0.03% (very clean air in the South Atlantic, unpublished) and
≈0.1 (urban, Grenoble),79 suggest that j5 for 2NPYR might be
lower than for 2NFLT.
Among the processes changing the PAH concentrations

along transport, dilution ranks first (>50% for episodes No. 2−
6), and chemistry (empiric and upper reactivity schemes,
episodes with day-times) or dry particle deposition (default
reactivity scheme, and during night-time episodes of the other
schemes) rank second (SI Figures S5 and S6). Chemistry ranks
second when using the empiric or upper reactivity schemes,
during episodes with day-times, while dry particle deposition
ranks second when using the default reactivity scheme, as well
as during the night-time episode (No. 2) when using the other
schemes. Revolatilization is found to contribute negligibly
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(<1%), regardless the scheme (SI Figures S5 and S6). This
reflects the vertical distribution (altitude of traveling parcels)
and significance of turbulence for mixing. The graphs for a
mostly night-time transport episode (No. 2) using the empiric
or upper reactivity scenarios, show that in the last few stages
(fractions) the NPAH production increases caused by the
degradation of the parent PAHs by OH after sunrise, which
does not take place during the night. Dry particle deposition’s
significance for PAH sinks should be seen in the light of the
particulate mass fractions i.e., 0.08 and 0.05 for FLT and PYR,
respectively (mean values; SI Table S3b).
The PAH concentrations at the receptor site are mostly well

predicted (Figure 1 and SI Figure S4), with the exception of
episodes 1−2. Again, as the episodes 1−3 contributed to one
sample at the receptor site, a large part of this discrepancy can
be explained. Dispersion might also add to discrepancies
between predicted and observed concentrations: In FLEX-
PART-WRF, the option was chosen to let FLEXPART-WRF
internally calculate turbulent mixing using the planetary
boundary layer height, Monin−Obukhov length, convective
velocity scale, roughness length and friction velocity. This
method is based on the presence of turbulent fluxes over land
(especially the Monin−Obukhov Similarity Theory), when
applied over sea, it is assumed to overestimate turbulence98

(and references therein). In this study, the FLEXPART−WRF
model is applied on the regional scale. Hence, the dispersion
could be overestimated, but not dramatically. This would
imply an underestimation of the number of Lagrangian
particles entering the receptor box. A more obvious effect is
the possible overestimation of the pseudoreaction rate
coefficient for dilution, kdil (described in Section 2.3.5), and
thus underestimation of both PAH and NPAH concentrations.
OPAHs, coemitted with the parent PAHs and partly formed

simultaneously with secondary NPAHs, may enhance NPAH
photodegradation, as has been demonstrated by photolysis in
cyclohexane solution, employing the Hammett equation to
hydroxy- and oxyaromatics as cosolutes of 2NFLT and
2NPYR.99 The significance of such a process is not supported
by our modeling, and cannot be assessed. More chemical
processes and pathways are possibly relevant for NPAHs in a
cloudy atmosphere, due to uptake and subsequent reactions in
water droplets.93

In summary, the remaining uncertainties do not allow for an
effective constraining of the chemistry. However, the modeling
results are nevertheless conclusive, because a large discrepancy
is found for NPAHs when the default reactivity scheme is used.
Atmospheric chemistry and transport during day and night

in a cloud-free atmosphere was simulated by a Lagrangian box
model, that is, a box model coupled to a Lagrangian particle
dispersion model, FLEXPART-WRF, on a regional scale
(300−500 km). The model covered transport over many
hours up to 1 day. This model system is suitable to study any
homogeneous or heterogeneous chemistry. For simulations of
chemistry in a cloudy atmosphere and with precipitation
events, respective phase equilibria and mass transfer processes
would be needed to be included in the box model. This study
focused on episodes during a homogeneous regional-scale flow
from a source site to a remote environment. Regional Eulerian
modeling of PAH chemistry would account for regional
sources and flow patterns.
Three reactivity schemes were tested for the PAHs

fluoranthene, and pyrene, and their derivatives 2-nitro-
fluoranthene and 2-nitropyrene, respectively. A Lagrangian

box model was initialized with observations of PAHs from a
source site and the results compared to observations of PAHs
and NPAHs at a receptor site. The “default” reactivity scheme,
representing the currently available kinetic data, under-
estimated the observations drastically. This discrepancy is
dominated by a largely underestimated ratio of the rate
coefficients of the OH-adduct with NO2 and O2, k2a/k2b, which
must be higher for 4-ring PAHs. The reactivity scheme which
uses a more realistic estimate of k2a/k2b can explain the
observed NPAH level and yield. These kinetic data are needed
to constrain the chemistry of NPAH formation in remote and
polluted environment. This study suggests that the trans-
formation of the pollutants FLT and PYR into their nitrated
derivatives is efficient and significant on at least the regional
scale. 2NFLT might indeed be ubiquitous.
Kinetic parameters of more reactions would be needed to be

quantified in order to correctly predict the formation of the
here studied NPAHs in the polluted environment (presence of
photocatalysts) and cloudy atmosphere (aqueous phase
chemistry). Similar kinetic data are needed to describe the
nitration of other 2−4 ring parent PAHs covered in the field
data set used here.15,32 Such data is urgently needed in order to
quantify secondary NPAH sources, NPAH distribution in air
and, ultimately, the contribution of these pollutants to
inhalation exposure-related health risks.
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