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Abstract. The offline Eulerian AURAMS (A Unified Re- to the correct order of magnitude the majority of the time.
gional Air quality Modelling System) chemical transport The model showed seasonal differences in prediction qual-
model was adapted to simulate airborne concentrations oity for volatile species which suggests that a missing emis-
seven PAHs (polycyclic aromatic hydrocarbons): phenan-sion source such as air—surface exchange should be included
threne, anthracene, fluoranthene, pyrene, bdamfhracene, in future versions. Model performance differed substantially
chrysene+ triphenylene, and benzgjpyrene. The model between measurement locations and the limited available ev-
was then run for the year 2002 with hourly output on aidence suggests that the model’'s spatial resolution was too
grid covering southern Canada and the continental USA withcoarse to capture the distribution of concentrations in densely
42 km horizontal grid spacing. Model predictions were com- populated areas. A more detailed analysis of the factors influ-
pared to~ 5000 24 h-average PAH measurements from 45encing modelled particle/gas partitioning is warranted based
sites, most of which were located in urban or industrial ar-on the findings in this study.

eas. Eight of the measurement sites also provided data on

particle/gas partitioning which had been modelled using two

alternative schemes. This is the first known regional mod-

elling study for PAHs over a North American domain and 1 Introduction

the first modelling study at any scale to compare alterna-

tive particle/gas partitioning schemes against paired fieldolycyclic aromatic hydrocarbons (PAHSs) are ubiquitous air
measurements. The goa] of the Study was to provide out.pO”UtantS that tend to be most concentrated in areas of
put concentration maps of use to assessing human inhal&lense human population (Hafner et al., 2005) but are also
tion exposure to PAHs in ambient air. Annual average mod-detected at locations remote from local sources (Hung et
elled total (gast+ particle) concentrations were statistically al., 2005). Many PAH species have been classified as car-
indistinguishable from measured values for fluoranthenecinogens (IARC, 2010) and they are implicated routinely as
pyrene and benzlanthracene whereas the model underesti_tOXicantS in airborne particulate matter (Kelly and Fussell,
mated concentrations of phenanthrene, anthracene and chrg012). They are regulated under international agreements
sene+ triphenylene. Significance for benzdpyrene per-  such as the Aarhus Protocol on Persistent Organic Pollutants.
formance was close to the statistical threshold and depende@enzok]pyrene, a commonly reported PAH species, is sub-
on the particle/gas partitioning scheme employed. On a dayi€ct to ambient air guidelines in many jurisdictions.

to-day basis, the model simulated total PAH concentrations In Canada, PAHs meet the criteria for inclusion on
the toxic substances list of the Canadian Environmental
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Protection Act (Environment Canada and Health CanadaThree isomer pairs of decreasing volatility and increasing
1994), and the resulting government obligation has beerparticulate fraction comprise six of the species: phenan-
to reduce or minimise their release into the environment.threne (PHEN) and anthracene (ANTH) (178 g mo| flu-
Nationwide anthropogenic emissions of berdpjrene, a  oranthene (FLRT) and pyrene (PYR) (202gmbl and
commonly reported species, fell by 70 % between 1990 andenzf]anthracene (BaA) and chrysene/triphenylene{T)

2010 according to estimates made by the National Pollu{228 gmot?t). The seventh PAH, benzdpyrene (BaP)

tant Release Inventory (Environment Canada, 2012). Thouglf252 g mot 1), is not generally considered to be semivolatile
there are no federal guidelines for PAHs in Canadian air,but has been included due to its common use as a represen-
a recent analysis of ambient monitoring data found thattative PAH species. Two particle/gas partitioning schemes,
measured PAH concentrations regularly exceed the healthJunge-Pankow (JP: Junge, 1977; Pankow, 1987) and Dachs-
based guidelines set by the Canadian province of Ontaridisenreich (DE: Dachs and Eisenreich, 2000), were tested.
(Galarneau and Dann, 2011). Model performance was evaluated against000 mea-

In the USA, PAHs are listed in the Clean Air Act as haz- surements from 45 stations in established networks in
ardous air pollutants as part of the polycyclic organic matterCanada and the USA. This is the first published model to
(POM) class of compounds (US EPA, 2012a) and have beele run and evaluated for PAH concentrations and their distri-
identified as a regional cancer concern in the National-Scaldutions between the particle and gas phases using two parti-
Air Toxics Assessment (US EPA, 2012b). Industrial releasegdioning methods. Itis also the first such model to be evaluated
to air reported to the Toxics Release Inventory (TRI) fell by over a regional North American domain.

35 % between 1995 and 2010 (US EPA, 2012c). There is no
federal US guideline for PAHs in ambient air.

PAH measurements are labour-intensive compared t® Methods
those of criteria air contaminants such as ozone and partic-
ulate matter, and the processes governing their atmospher.1 Model description
fate are not yet well-understood. In an attempt to elucidate
the spatiotemporal distributions of PAH sources and ambi-AURAMS is an Eulerian CTM originally developed to sim-
ent concentrations, several numerical modelling studies havelate criteria air contaminants. The standard version of the
been published. Lagrangian frameworks have been used fanodel uses a sectional approach to represent the size dis-
Europe (Van Jaarsveld et al., 1997; Halsall et al., 2001) andribution of airborne particles: 12 size bins from 0.01 to
China (Liu et al., 2007; Lang et al., 2007, 2008). Others stud-40.96 um in diameter and 9 particulate species (sulphate, ni-
ies have used box modelling (Prevedouros et al., 2004) antrate, ammonium, elemental carbon, primary organic aerosol,
multimedia fate approaches (Yaffe et al., 2001; Prevedourosecondary organic aerosol, crustal material, sea salt, and
et al., 2008). Eulerian chemical transport models (CTMs)aerosol water) are usually considered. The model includes
have been developed for Europe (Shatalov, 2005; Aulingeprocess representation for tropospheric gas-phase oxidative
et al., 2007; Matthias et al., 2009; Gusev et al., 2011; Biesechemistry, the absorptive formation of secondary organic
et al., 2012) and east Asia (Zhang et al., 2009, 2011a, b; Inaerosols, inorganic heterogeneous chemistry, particle micro-
omata et al., 2012), and three such studies on a global scalghysics (nucleation, condensation, coagulation, etc.), cloud
have also been published in recent years (Sehiliand Lammeprocessing of aerosols, advective transport, vertical diffu-
2007; Lammel et al., 2009; Friedman and Selin, 2012). sion, and gas and particle emissions and deposition. A de-

The aforementioned studies differ in many respects relattailed overall description of AURAMS appears in Gong et
ing to the PAH species examined, the temporal variability ofal. (2006) while a description of the aerosol sectional ap-
their emissions, and the spatial resolutions and process reproach and the microphysics modules of the model can be
resentations in the models. None has focussed exclusively ofound in Gong et al. (2003a, b). Performance evaluation and
North America at the regional scale. As well, although sev-model intercomparison results for AURAMS appear in Mc-
eral particle/gas partitioning mechanisms have been exploreeen et al. (2007), Smyth et al. (2009), Makar et al. (2010),
in other models, including Junge—Pankow adsorption (JungeKelly et al. (2012) and Solazzo et al. (2012) among other
1977; Pankow, 1987), organic matter sorption (Finizio etpublications.
al., 1997), and combined adsorption/absorption (Dachs and A modified version of the AURAMS CTM known
Eisenreich, 2000), no previous studies have evaluated models AURAMS-PAH was developed to incorporate primary
output against paired phase-distributed measurements for abemivolatile organic compounds that are subject to sorptive
ternative partitioning expressions on the same domain. partitioning. Starting from the standard AURAMS CTM had

This study presents the results of a chemical transporthe advantage that a number of required fields for modelling
model, AURAMS (A Unified Regional Air quality Mod- PAHSs were already available. These included hydroxyl con-
elling System)-PAH, run over North America at 42km centration, total particle surface area, and fractions of parti-
horizontal grid spacing with hourly output for the year cle elemental carbon and organic carbon. The modifications
2002. Seven PAH species were simulated with the modelmade to AURAMS version 1.3.2 in order to simulate PAHs
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are described below. Physico-chemical property values usettation immediately preceding particle-gas partitioning. Only
for each PAH in the modified code are found in Table S1.1seven new gas-phase concentration fields were added to the

of the Supplement. CTM; PAH reaction products were not tracked in the model,
either as individual gas-phase species or as contributors to
2.1.1 Dry deposition of gases SOA.

Hydroxyl reaction rate constants were taken from the
Within AURAMS, gaseous dry deposition velocities are program AOPWIN (atmospheric oxidation program for Mi-
modelled using the inverse resistance analogy for severatrosoft Windows) which is part of the US EPA's (Environ-
land-use categories (Zhang et al., 2002). Three resistancesental Protection Agency) EPI (Estimation Programs Inter-
are assessed in AURAMS and only the first of these (aerodyface) Suite (US EPA, 2006). Measured constants are avail-
namic resistance) is independent of the chemical species urable for three low-molecular-weight PAHs considered here
der consideration. The species-dependent resistances are tghenanthrene, anthracene, fluoranthene) and these values
quasi-laminar sublayer resistance and the surface or canopyere represented in AOPWIN. However, measurements for
resistance. The latter two depend on the gas-phase diffusivitthe remaining four PAHs are not available and the soft-
of the compound in question, and this quantity was calculatedvare predicted the same hydroxyl reaction rate constant of
in the model according to the Fuller et al. method describeds0 x 10~12cm® molec: 1 s~ for these species.
in Reid et al. (1987).

Surface or canopy resistance is the most complex of.1.3 Particle representation of PAHs

the three gaseous dry deposition component resistances and . . _ _ . _
tends to dominate total dry deposition (Zhang et al., 2002) S€ven additional particle species, each with 12 size bins as
One of its subcomponents, mesophyll resistance, was set t§ the original AURAMS configuration, were added to the
100sm! for species that are relatively insoluble in wa- Model to represent the particle-bound PAH mass.
ter and have small oxidising capacities, as is the case fo . I
PAHSs. The remaining subcomponents (cuticle and ground re?'l'4 Particle/gas partitioning of PAHs

sistances) are determined by scaling add SQ settings A new algorithm was developed for AURAMS-PAH to ac-
based on physico-chemical qualifications. For the PAHS,.qnt for the sorptive particle/gas partitioning of PAHs. It
scaling factors to @and SQ for both acetaldehyde ancsC  i5 fylly adaptable to other semivolatile species with sim-
carbonyls, the least soluble organic compounds consideregly, atmospheric partitioning behaviour to PAHs such as
in AURAMS aside from the PAHs, were used. U_nsubstltuteddioxmS and furans, PCBs (polychlorinated biphenyls), and
compounds such as PAHs are generally considered to havgganochliorine pesticides. The partitioning of PAHS to air-
high resistances to deposition whereas carbonyl resistancgsy ne particles was assumed to be fully reversible.
are thought to be lower (Zhang et al., 2002). However, pub-  1y5 jnstantaneous equilibrium sorptive partitioning ex-
lished observations of PAH deposition led us to assume thajessions were incorporated in the new partitioning subrou-
deposition velocities would be greater than_ zero (low resistine. The first treated particle/gas partitioning as a Lang-
tances) and we therefore used the best-available homologuggyirian adsorption process on a uniform particle surface (JP:
in AURAMS to represent PAHg. This is an uncertainty in the Junge, 1977; Pankow, 1987). The model calculations began
model that merits future attention. by adding the particulate PAH concentrations in all size bins
Volatilisation of gaseous_PAHs can occur fror_n expo_sed(ECp) and the gas-phase PAH concentratid)(to give a
water (Hoff et al., 1996), soil (Jones, 1994), and IMPEerviousista| PAH concentrationdror) for each species. An updated

urban surfaces (Diamond et al., 2000). Net gaseous deposj ik particulate fractiong) was then assigned according to
tion to the Great Lakes in 2002 was downward (Blanchardiye first part of Eq. (1):

et al., 2008), suggesting that PAH fugacities in air exceeded
those in surface compartments at the regional scale. Volatil- ~~ ¢X6  XCp
isation was not included in this first-generation version of ¥ = o +p2 " Crot’
AURAMS-PAH and the effect of this omission is presented
in Sect. 3.1.1. wherec is a constant set at 0.173 J f(estimated from
Fig. 3 in Junge, 1977)%6 is the total particle surface area
2.1.2 Gas-phase reactions concentration (im~2) andpE is the saturated vapour pres-
sure of the subcooled liquid (Pa) taken from the temperature-
Reactions of gas-phase PAHs with hydroxyl radicals are condependent values measured by Offenberg and Baker (1999;
sidered in this model. Since these reactions consume relesee Table S1.1). We have selected Junge’s (1977) value of
tively little hydroxyl due to the trace concentrations of PAH, ¢ over that estimated by Pankow (1987) since the latter was
their reactions were simulated outside the AURAMS gas-based on assumptions that have not been revisited in light
phase chemistry solver. PAH oxidative loss was estimated aef the numerous observations of PAH partitioning published
a first-order process using the model-predicted OH concensince. The total particulate PAH concentrations dictated by

@)
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were then redistributed among the particle size bins by pro-/ = ‘ T W AT

rating to the proportion of total aerosol surface area concen- , ! —

tration within each size bin. The redistributed gas-phase PAH | = e T80 - P

concentration was determined by difference betw€egr 10wz . {% " A

andxCp. rovan = e ‘ :
The second equilibrium partitioning expression available | 1o : ST

in the partitioning subroutine developed a partition coeffi- | 1o = )2

cient (Kp, m?g~1) based on the contributions of two addi- | s

tive processes: absorption into particulate organic matter ang
adsorption onto particulate soot (DE: Dachs and Eisenreich,

1.0e-03

1.0e-04 B

2000) 1.0e05 ' o) ; o
- S
Kp=10""2(15foc/poct Kon + fecKsa) : 4 i =77
_(Co/Crse) 2
= C—g ) Fig. 1. Map of modelled (JP) annual average total (gaparticle)

fluoranthene concentrations (ngA).

wherepoctis the bulk density of octanol (0.82 kgt), focis
the organic carbon fraction of the particulate matter (the 1.5 L .
S . ; . 2.1.5 Below-cloud (precipitation) scavenging
multiplier converts organic carbon to organic matter which
is assumed to be well-represented by octankih, is the
octanol-air partition coefficient (dimensionlesgpc is the
elemental carbon fraction of the particulate matk&g is the
soot-air partition coefficient (L kgb), X Cpis the particulate
PAH concentration across all the size bins (ng3|)m Crspis
the total particulate matter concentration (Lg¥n andCyis
the gas-phase concentration (ngt
Soot-air partition coefficientskisa Lkg™!) were esti-
mated as the ratios of soot-watefy) to air—water par-
tition (Kaw) coefficients since diredtsp measurementsare 2 1.6 Cloud processing
not available for PAHsK sy values from Jonker and Koel-
mans (2002) were used in this model. These values vary sutCloud processing in the model was treated in a similar
stantially (up to a factor of 47) between relevant soots formanner to precipitation scavenging whereby gas-phase mass
each PAH considered here. Since a sinkjlgy was needed transfer to cloud water is species-dependent, whereas partic-
for each PAH in the model, representative values were deulate interactions with cloud droplets are only affected by the
termined by weighting the reportedsy values by the con-  presence of PAHs in terms of the size (mass and volume) that
tribution of their related combustion processes to the totalthey represent as part of the overall aerosol. Solid-phase den-
emitted fine particulate matter (P) used in the inven- sities used to relate aerosol PAH mass to volume were taken
tory of Galarneau et al. (2007). Temperature-depen&anpt from Mackay et al. (2006; see Table S1.1).
values were taken from Bamford et al. (199%)pa values
were taken from the temperature-dependent expressions dé-2 Model domain, emissions, and boundary conditions
termined by Odabasi et al. (2006). o )
PAH partition coefficients were calculated according to the he model domain included southern Canada and the conti-
first part of Eq. (2). By determining the contribution of each Nental USA (see Fig. 1). It was run on a 42km polar stere-
size bin’s organic matter and soot carbon to the totals acros@9raphic grid using offline meteorology generated with the
all size bins, the total particulate PAH was apportioned toQIobaI Environmental Mult@cgle numerical weather predic-
each size bin. For example, if a total partition coefficient hadtion model (GEM v 3.2.0: Cote et al., 1998a, b).

contributions from the organic matter and soot carbon of 20 EMissions of PAHs were taken from the inventory of
and 80 %, respectively, and size bin 1 held 10 % of the totaCalarneau et al. (2007) that had been updated from 2000
particulate organic matter and 15 % of the total soot carbon!® 2002 and to which benzelpyrene had been added us--
the fraction of total particulate PAH assigned to size bin 1/Nd identical methods and data sources. As discussed in
would be 14 % (viz., 0.% 0.1+ 0.8 x 0.15). Gas-phase con- Galarneau et al. (2007), hourly PAH emissions fields were

centrations were then determined by the difference betweefStimated with an emissions processing system using source-
Cror and=Cy. specific temporal profiles. The temporal profile library in-

cluded 3020 month-of-year, 64 day-of-week, and 2672 hour-
of-day temporal profiles for Canada and 1500, 49, and 680

Scavenging of gas and particle PAHs by liquid precipitation
was calculated as per Gong et al. (2006). Particle scaveng-
ing assumed that particle-bound PAHs do not dissolve in
falling rain; particle-bound PAHs were thus treated as pas-
sive aerosol tracers. Snow scavenging of gaseous PAHs was
not considered in this version of AURAMS though particle-
bound PAHs are scavenged by snow in the model as passive
components of airborne particles.

Atmos. Chem. Phys., 14, 40651077, 2014 www.atmos-chem-phys.net/14/4065/2014/
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lected samples integrated over periods of 24 h. Particle/gas
partitioning was assessed at eight stations, three in Canada
¢ o e ) and five in the USA, all of which were operated by IADN.

The IADN phase-distributed data were also combined
to yield total concentrations. These combined IADN data,
along with NAPS and Rio Tinto data, yielded a total of 28
sites at which the total PAH concentration for all the mod-
elled PAHs could be assessed. Particulate PAH measure-
ments from the latter networks were determined from sam-
ples of total suspended particles (TSP). CARB provided data
for benzof]pyrene in particles smaller than 2.5 pm in diam-
eter (PMp5) at a further 17 locations.

Four model grid squares (Kitimat, Toronto, Hamilton, and
Montreal) contained two or more measurement stations thus
allowing for an assessment of the adequacy of modelling all

] ) ) seven PAHs at 42 km grid spacing.
Fig. 2. Map of measurement stations used in the AURAMS-PAH

evaluation.

3 Results

analogous temporal profiles for the USA. The overall tem-
poral profile thus varies from grid cell to grid cell due to the 3.1 Total PAH concentration
different mixtures of source types found in each one.

All PAHs were emitted exclusively in the gas phase. Parti-3.1.1 Overall spatiotemporal domain
cle/gas partitioning took place at each 15 min CTM time step )
according to the partitioning module described in Sect. 2.1.5.Total PAH concentration refers to the sum of the gas and par-
As mentioned in Sect. 2.1.2, no emissions of previously de-ficulate concentrations whether these have been analysed to-
posited PAHs were considered in this first-generation versiorf€ther (.g. NAPS) or separately (e.g. IADN). For stations at
of the model and the implications of this are discussed inWhich the gas and particle phases were analysed separately,
Sect. 3.1.1. Emissions of SONOy, NHs, CO, volatile or- @ valid total concentration was assumed to exist if at least
ganic compounds (VOCs), and particulate matter were de®ne of the gas and particle phase concentrations was greater

rived using Environment Canada and US EPA databases an@#@n the detection limit. Non-detectable values were assumed
methods for the year 2002. equal to zero for the calculation of total concentrations.

Initial PAH concentrations at all lateral boundaries were A representative plot of the spatial distribution of modelled
set to zero in anticipation of pronounced spatial gradients@nnual average concentrations is presented in Fig. 1 for flu-
away from localised source regions. As a result, modellederanthene. The remaining PAHs show similar spatial distri-
concentrations in Mexico and near its border with the USA butions and maps of their modelled concentrations are found
are not expected to be reliable, particularly since PAH emisJn Sect. 3 of the Supplement. All the PAHs show spatial dis-
sions from Mexico have not been included in the model.tributions of their modelled concentrations that are consis-
Model output along the northern edge of the domain overtent with regional dispersion of their emissions as depicted
western Canada is similarly expected to be unreliable sincd? Galarneau et al. (2007).
emission sources are located close to the model bound- A Summary of annual mean modelled and measured val-
ary in that region. The development of representative nonY€s over the entire spatiotemporal mo_del domain is shown in
zero boundary concentrations is anticipated as part of futurdable 1. Only modelled values for which there was a corre-

model development. sponding measurement were included.
In comparing modelled results to measurements, the an-
2.3 Evaluation data nual means were statistically indistinguishable at the 95 %

confidence level for FLRT, PYR, BaA, and BaP (JP) whereas

Observational PAH data used for comparison with modelthey were statistically different for PHEN, ANTH, €T,
output were collected from four measurement networks:and BaP (DE). For PHEN, ANTH, and-€T, modelled val-
NAPS (Canada), IADN (Canada-USA), CARB (California), ues were underestimated relative to measurements whereas
and Rio Tinto Alcan (Kitimat, British Columbia, Canada). they were overestimated for DE BaP.
The measurement stations are depicted in Fig. 2 and de- The model’s temporal variability tended to be smaller than
scribed in Sect. 2 of the Supplement. that of the corresponding measurements; the relative standard

Measurement data were available from a total of 45 sta-deviations of the measurements were 1.3-2.7 times greater
tions, 23 in Canada and 22 in the USA, all of which col- than those of the modelled values. A similar observation has

www.atmos-chem-phys.net/14/4065/2014/ Atmos. Chem. Phys., 14, 4G8E, 2014
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Table 1. Summary of the 2002 annual modelled and measured total
PAH concentration mean (standard deviation) values (ﬁ@)m 5

tiol
3

ncentrat

sured

!

PHEN  12.75(36.44)  12.76(36.44) 36.06 (131.8) 790 § °
ANTH 09123 (1.757) 0.9104 (1.759)  2.804 (11.56) 701
FLRT  6.781(14.40)  6.888 (14.66) 9.179(32.44) 789
PYR 5727 (12.23)  6.009 (13.40)  5.733 (21.57) 785

0.01

Modelled / M

BaA 1.227(2.438)  1.328(2.704)  1.326(6.081) 610 e e O AT TR LR P LR O8 PP PYLDE B A0E o ColoE s anhoE

C+T  1511(3.964) 1.473(3.569) 3.303(21.95) 721

BaP 1.173 (2.002) 1.424 (2.455) 0.9047(3.238) 595 Fig. 3. All-site ensemble of modelled-to-measured concentration
*n = number of modelled-measured data pairs. ratios for total (gast+ particle) PAHs using JP and DE partition-

ing expressions. Box boundaries are 25th, 50th and 75th percentile
values; whiskers are 10th and 90th percentile values. JP — Junge—
been made in the modelling of particulate matter with AU- Pankow partitioning; DE — Dachs—Eisenreich partitioning.
RAMS and other regional air-quality models (Solazzo et al.,
2012) For PAHs, this effect was also seen by Matthias et
al. (2009), who concluded that temporal variability in PAH gested in a comparable model for Europe (Matthias et al.,
emissions was not adequately represented by their inventory2009). However, BaP is subject to losses during sampling
This is a plausible contributing factor in the current study (Menichini, 2009) and some portion of the apparent model
as well. Furthermore, meteorological parameters vary over @verestimation may in fact be due to measured concentra-
scale much finer than that used for regional air quality mod-tions that are biased low since the samplers used were not
els. As aresult, observed concentrations from point locationgquipped with oxidant denuders. This presents a priority for
can be expected to exhibit greater variability than modelledfuture research since many jurisdictions use BaP as an indi-
concentrations determined for entire grid squares. cator PAH when setting air quality standards.

Differences in mean modelled total concentrations be- As presented in Sect. 2.1.2, volatilisation of gaseous PAHs
tween the two partitioning versions (JP and DE) were statisti-from surface compartments such as water and soil was not in-
cally indistinguishable at a 95 % significance despite the find-cluded in this first-generation version of AURAMS-PAH. If
ing that the two BaP model results differed in their compari- such volatilisation were significant to the balance of PAHs
son to measured values. The latter anomaly indicates that thia ambient air relative to the other processes simulated, one
BaP distributions were close to the 95 % confidence threshwould expect an overall bias in model results whereby the
old. As a result, no conclusion can be drawn about whichmost volatile PAHs, which are found predominantly in the
partitioning mechanism was superior in simulating overall gas phase, would be underestimated and the least volatile par
total PAH concentrations. Phase partitioning of semivolatileticulate species would be unaffected. Summary results pro-
organic compounds (SVOCSs) is a major determinant of theirvide indefinite evidence. Volatile PHEN is systematically un-
potential for long-range transport (Bidleman, 1988), yet it derestimated yet its similarly volatile isomer, ANTH, shows
does not appear to have a large effect on the simulation ofin ambiguous central tendency whereby its mean concen-
their total concentrations at the regional scale. Model per4rations are underestimated by the model (Table 1) but its
formance in simulating phase partitioning is discussed inmedian concentrations are not (Fig. 3). Less volatile but
Sect. 3.2. nonetheless predominantly gaseous FLRT and PYR show no

The model's performance was also more closely evalu-tendency toward underestimation.
ated by examining the pertinent data distributions. Figure 3 Though results are equivocal on an annual basis, monthly
depicts frequency distributions of the ratios of modelled-to- patterns observed in the model output are consistent with
measured concentrations for all of the valid data pairs availthe absence of a seasonal source (e.g. air—surface exchange).
able for the model evaluation. Four PAH species (ANTH, Volatilisation from a variety of environmental compartments
FLRT, PYR, and G+T) yielded median values of the is typically stronger in warmer periods than in cooler ones
modelled-to-measured concentration ratio that were close tde.g. Nelson et al., 1998; Smith et al., 2001; Motelay-Massei
the ideal value of unity (1.1, 1.1, 1.5, and 1.4, respectively).et al., 2005; Bozlaker et al., 2008; Wang et al., 2011).
PHEN showed an overall tendency toward underestimatiorFigure 4 shows the monthly distribution of modelled-to-
by the model (0.2), whereas BaA and BaP tended towardneasured concentration ratios for PHEN and PYR. Both ex-
overestimation (3.2/3.5 and 3.0/3.5 JP/DE, respectively). hibit higher values in winter than in summer as do ANTH

BaA and BaP are reactive PAHs (e.g. Behymer and Hitesand FLRT whereas this seasonality is not observed for the
1985; Pdschl et al., 2001; Kwamena et al., 2004; Esteve ehigher molecular BaA, G T or BaP (hot shown). These
al., 2006, Shiraiwa et al., 2009) and the exclusion of particle-findings are consistent with a missing volatilisation source
bound reactions in this first-generation model may explainthat emits during warmer weather. However, other factors
a portion of their overestimation in AURAMS-PAH as sug- could also be involved including overestimated loss terms
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imum concentration ratios range from &«7.0° (PYR) to
1.3x 10°/1.4x 10° (C+ T). Therefore, the mean measured
concentrations used to normalise the bias and error do not
¢ & represent the data set well.
The correspondence between individual modelled—
Fig. 4.All-site ensemble of modelled-to-measured concentration ra-measured data pairs is weak as demonstrated by the low
tios for total (gas+ particle) PHEN(a) and PYR(b) using the JP  coefficients of determination, non-unity slopes, and high
partitioning expression plotted by month. intercepts listed in Tables S4.1 and S4.2 of the Supplement.
However, the ability of the model to simulate observed
concentrations within a certain tolerance is reasonable,
(e.g. oxidation, deposition) or underestimated emissions (e.Gespecially when considering that PAHs are trace organic
forest fires) during warmer periods. The investigation of thecompounds subject to numerous sampling artefacts (Mc-
relevant causes is a priority for future model development.DOW, 1999) and poor measurement precision (Ga|arneaul
Regardless of the causes, the seasonal effect on model out008). Depending on PAH species, 22-34 % of modelled—
put appears to be compounded by further, as yet unidentifiegheasured data pairs fell within a factor of 2 of each other.
factors whereby PHEN is underpredicted throughout the yearrhijs increased to 61-86 % when considering a factor of 10.
and ANTH, FLRT and PYR are overpredicted through someAs a result, it can be stated with confidence that, on average,
seasons, potentially due to air—surface exchange that leads URAMS-PAH was able to simulate atmospheric PAH
net deposition during cooler months. concentrations in North America for rural to urban locations
The range of modelled-to-measured concentration ratiogo the correct order of magnitude.
shown in Fig. 3 varied substantially by species. The ratios
of 90th to 10th percentile values for PHEN, FLRT, PYR, 3.1.2 Site-specific performance
BaA, and G+ T spanned fewer than, or close to, two or-
ders of magnitude (55, 59, 67/68, 67/63, and 100/93, reModel performance was not spatially uniform. Figure 5 de-
spectively). The ratio for BaP was larger (180/270) and thatpicts the variation in distributions of individual modelled-
for ANTH was very large (5900/7400), with extreme val- to-measured concentration ratios across measurement sites
ues tending toward underestimation for the latter speciesfor fluoranthene, the PAH species for which overall perfor-
As seen with the comparison of means, the two partition-mance was best as determined by the median and spread in
ing parametrisations used by AURAMS-PAH led to similar modelled-to-measured concentration ratios. Note that only
model performance overall when considering the distributionJP partitioning values have been plotted since these are vi-
of total PAH concentrations. sually indistinguishable from those for DE partitioning.
Additional quantitative performance metrics are presented Of the 30 sites depicted in Fig. 5 (CARB sites could not be
for the two particle/gas partitioning parametrisations in Ta-considered since only benzdpyrene was reported there),
bles S4.1 and S4.2 of the Supplement. The normalisedhe median modelled-to-measured concentration ratio ranged
mean bias and error have been included for completenes$om 0.061 (St. John's) to 4.0 (Hamilton — Confederation
but their utility in this evaluation is questionable given the Park), whereas the median value for all sites was 1.1. The
large range of concentrations. Measured maximum to minvariability at individual sites is itself highly variable, with
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Table 2. Average coefficient of variation (%) between contemporaneous measurements at sites falling within the same 42 km AURAMS-PAH
grid square.

Station PHEN ANTH FLRT PYR BaA GT BaP 63 TSP

Kitimat 106 101 965 93.7 874 91.3 932 N/A N/A
Hamilton 52.1 59.0 59.2 588 731 117 62.8 249 305
Toronto3 36.2 48.7 425 39.6 422 329 430 NA 221
Toronto2 36.5 45.4 39.3 357 329 25.0 38.0 122 246
Montréal 49.2 52.9 458 446 55.2 553 516 353 290

1 Toronto3 includes data from all three Toronto measurement sites. Toronto2 includes only data from the Gage
Institute and Judson & Etona becausgdata were not available from Junction Triangle.

2 Ozone data have been aggregated to 24 h concentrations contemporaneous with PAH measurements.

ratios of 90th to 10th percentile values of the modelled-to-grid square and a third site (Whitesail) lies in an adjacent
measured concentration ratio ranging from 5.8 (Toronto —square even though it is only a few kilometres away. Hamil-
Junction Triangle) to 105 000 (Haul Road, near the Rio Tintoton is a city at the western end of Lake Ontario that is known
Alcan smelter in Kitimat, British Columbia). A low value colloquially as the “Steel Capital of Canada” and had a pop-
of 1.1 was observed for Saint John, but this was based omlation of approximately 700 000 in 2010. It is part of the so-
only two modelled—measured data pairs. Sixteen of the 3@&alled “Golden Horseshoe” conurbation at the western end of
sites (53 %) had median modelled-to-measured ratios thattake Ontario whose 2010 population, estimated as the sum
fell within a factor of two of the median value for all sites.  of the populations of Oshawa, Toronto, Hamilton, and St.
The other compounds varied spatially in a manner similarCatharines — Niagara, was over 7 million (Statistics Canada,
to fluoranthene with the following exceptions. ANTH exhib- 2011). Toronto and Montreal are the largest cities in Canada
ited atypically large underestimation at the three sites neahaving 2010 populations of 5.7 and 3.9 million, respectively.
the Rio Tinto Alcan smelter in Kitimat, suggesting that inac- Table 2 lists the variability in contemporaneously mea-
curately low ANTH emissions are associated with the dom-sured concentrations at the four grid squares as represented
inant source there. The reporting threshold for point-sourceby their coefficients of variation (COV). At any given site,
ANTH emissions through the Canadian National Pollutantthe average COVs for the different PAH species tend to be
Release Inventory (NPRI) system is higher than the threshsimilar to each other. Substantial differences exist between
olds for other commonly measured PAHs and no ANTH sites, however, particularly when grouping the urban sites
emissions were reported to the NPRI by Rio Tinto Alcan (Hamilton, Toronto, and Montréal) against the industrial site
for 2002. The G+ T performance at Jonquiére, home to alu- at Kitimat. This is not unexpected. Urban areas include com-
minum smelting facilities, suggests that reported emissionglex mixtures of point, area, and mobile sources that are
there are also too low. Emissions for other PAHs were re-distributed over distances similar to the scale of the model.
ported from this location for 2002 but not so for chrysene, Kitimat houses industrial operations within a relatively small

which is called benzafjphenanthrene in the NPRI. area of otherwise rural land and wilderness. Steep spatial gra-
dients in pollutant concentrations are expected there as a re-

3.1.3 Model grid squares containing multiple sult.
measurement sites The COVs for ozone and total suspended particles (TSP)

have also been included in Table 2 as comparative gaseous

The smoother the spatial distribution of a pollutant, theand particulate pollutants, respectively. Both vary less be-
coarser the model resolution that can be used to simulatéwveen sites in the same grid square than do PAHs. Ozone and
it. Four AURAMS-PAH model grid squares contain more a portion of TSP are secondary pollutants created by the mix-
than one measurement site, thus allowing for an assessmeittg and reaction of precursor compounds. The atmospheric
of the 42 km spatial resolution used for the evaluation runsresidence times required for their creation is consistent with
The multisite grid squares are all located in Canada, andx smoothing of the spatial variability in their concentrations
from west to east, they encompass sites in Kitimat (2 sites)though ozone variability is further complicated by reactions
Hamilton (2), Toronto (3), and Montreal (2) (see Tables S2.1with NOy near emissions from mobile sources. Conversely,
and S2.4 in the Supplement). unsubstituted PAHs are primary pollutants whose concentra-

Kitimat is a town 650 km northwest of Vancouver with ap- tions would be expected to vary in space over a finer resolu-
proximately 9000 residents whose largest employer is thdion when multiple sources are found close by.
aluminum smelter complex operated by Rio Tinto Alcan The results presented above suggest that a 42 km spatial
(District of Kitimat, 2009). Two measurement sites (Haul resolution is not sufficiently fine to represent PAH concen-
Road and Kitamaat Village) are located in the same modelrations in areas close to sources such as cities and industrial
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areas if an average model accuracy better than an order of For all species other than BaP, Dachs—Eisenreich parti-
magnitude is desired. AURAMS modelling of fine partic- tioning performs slightly better than Junge—Pankow parti-
ulate matter has shown substantial improvement when gridioning in simulating measured particulate fractions. The all-
spacing has been reduced to 2.5 km (Stroud et al., 2011), angite median particulate fraction simulated using DE is be-
similar results can be expected for the modelling of PAHs.tween 1.1 (PYR) and 2.9 (ANTH) times higher than that us-
No 42 km model grid squares in rural or background areasng JP. However, the performance of the partitioning expres-
away from sources contain multiple measurement stationsions is highly dependent on the physico-chemical property
and, as a result, a comparison cannot be made for these areagjues used. For example, estimated soot—air partition coef-
However, it is expected that spatial variation in PAH concen-ficients vary by more than an order of magnitude (Galarneau
trations will be less in such areas and, as such, a 42km res@t al., 2006) and translate directly to variations in predicted

lution model may be sufficient there. partitioning by the Dachs—Eisenreich expression. For Junge—
] o Pankow partitioning, the value of the constantin Eq. (1)
3.2 Particle/gas partitioning and the estimation of aerosol surface area also introduce un-

certainties. A full analysis of the sensitivity of modelled par-
“titioning is beyond the scope of this paper and is explored in
a separate publication (Galarneau, 2014).

As noted in Sect. 3.1, the choice of partitioning expres
sion (JP or DE) had little effect on the simulation of total
PAH concentrations. This implies that the partitioning from
each approach is sufficiently similar that regional-scale dif-3 2 2  site-specific performance

ferences in removal rates between gaseous and particulate

PAHs have little effect. However, differences between theAs was the case for total concentration, there is substantial
two expressions with respect to simulating phase-resolvedariability in the simulation of partitioning between sites.

concentrations were noted. Figure 7 shows the variation in frequency distribution of in-
) ) dividual modelled-to-measured particulate fractions for flu-
3.2.1 Overall spatiotemporal domain oranthene using Dachs—Eisenreich partitioning. Model per-

Fi 6 sh f distributi f th i fi formance for particulate fraction simulation is better at ur-
d.'g.lére | S gwlf’ dr(-iquency |sdr| u It(')nsi ct) ¢ € ? 105 fo ml-l ban (Chicago) or urban-influenced (Sturgeon Point, Egbert)
vidual modetied-to-measuread particulate tractions 1or all g0 5 1han 4t those that are remote (Eagle Harbor). An analy-

Shata .p?]'ﬁ Aagz'liblf to the moclie(lj e(;/alluatmtrr]]. Note thgt OHLYSis of measured partitioning at IADN stations (Galarneau et
Ie erl]g sta |Ionsdare Inc ut (Ia S|r|1cet ﬂ? gas f”;n par Mal., 2006) found that the proportionality between partition-
cle phases are analysed separately only at those sites. ing and volatility varied between sites, and in some cases,

Figure 6 shows that PAH particulate fraction is underesti-

mated for all species except BaP. The degree of underestim over the annual cycle. Volatility is included in both the JP
) g L oar . . {through p?) and DE (throughkKoa and K artitionin
tion decreases with increasing molecular weight. The partlc? ghpr) ( ghttoa sa) P 9

. . ‘expressions and the proportionality between it and partition-
ulate fractions of volatile PHEN and ANTH (178 g md) b brop y P

. : .ing magnitude is much smaller in model outputs than in mea-
are underestimated by approximately two orders of magni-

. e surements. As noted earlier, factors involved in the perfor-
1 ’

tude wher'eas equarunonmg BaA andid (2289m0r ) mance of model partitioning such as modelled particulate

have particulate fractions that are underestimated by only Q. atter concentration and composition are explored in a sep-

factor of two. A similar pattern appears when examining thearate publication (Galarneau, 2014)

partition coefficientKp (not shown).
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4 Conclusions cle/gas patrtitioning is needed to improve the distribution of
PAHSs between the gas and particle phases in the atmosphere
This study described the first-known modelling results for given that both partitioning schemes used here showed in-
atmospheric PAHs at the regional scale over North Americacreasing negative biases for particle-bound PAH concentra-
Predictions from the AURAMS-PAH model were compared tions of increasing volatility.
to roughly 5000 24 h-average PAH measurements from 45
sites, eight of which also provided data on particle/gas par-
titioning which had been modelled using two different parti- Supplementary material related to this article is
tioning schemes. available online athttp://www.atmos-chem-phys.net/14/
The evaluation of the model is key to determining its 4065/2014/acp-14-4065-2014-supplement.pdf
potential utility as an input for estimating the impacts of
PAH inhalation exposure on human health. Annual average
modelled total (gast+ particle) concentrations were statis-
tically indistinguishable from measured values for fluoran-

thene, pyrene and berzgnthracene, indicating the model's DYVIS _ ;
potential utility for providing inputs to health impact estima- contributions of the AURAMS team at Environment Canada, in
. . , articular B. Pabla, C. Stroud, W. Gong, and S. Gong, as well as
tion for these species. The model’'s annual average concerj Gravel. Thev thank P. Ch K. Wi d T Mahtani f
. . . . y thank P. Cheung, K. Wong and T. Mahtani for
trations for phepanthrene, anthracene ar,]d Chry&e“mh_' .their assistance in generating some of the figures herein. They
enylene were biased low. For these species, the negative biags, thank Nathalie Mayrand (Rio Tinto Alcan) and the California
would have to be considered if used as inputs to human healtjr Resources Board for sharing measurement data from the
impact estimates as the model in its present form underestikitimat area and California, respectively. Finally, the authors thank
mates long-term exposure. T. Bidleman and M. Diamond for their guidance and support at the
The utility of the model for prediction purposes may also outset of this project.
be considered on a day-to-day basis though this is less rel-
evant to the chronic health effects associated with carcinoEdited by: J. W. Bottenheim
genic PAHs. The model simulated total PAH concentrations
to the correct order of magnitude 64—86 % of the time. That
level of accuracy must be considered when assessing humal%eferences
hgalth impaCtS; annu?' gxposure estimates are likely of mor%\ulinger, A., Matthias, V., and Quante, M.: Introducing a parti-
utility with the model in its current state. tioning mechanism for PAHs into the Community Multiscale
The partitioning approach chosen did not have a sig- ajr Quality modeling system and its application to simulating
nificant impact on the model results for total concen- the transport of benzo[a]pyrene over Europe, J. Appl. Meterol.
trations though differences resulting form the choice of Clim., 46, 1718-1730, 2007.
parametrisation approached the 95 % significance level foBamford, H. A, Poster, D. L., and Baker, J. E.: Temperature depen-
benzol]pyrene. At this time, neither of the two approaches dence of Henry’s Law constants of thirteen polycyclic aromatic
used here provided a clear advantage for simulation accuracy hydrocarbons betweer?€ and 31°C, Environ. Toxicol. Chem.,
of total concentrations. 18, 1905-1912, 1999' ) ) )
As a first work of this nature, the analysis has Suggesteci?:ehymer, T. D. and Hites, R. A.: Photolysis of polycyclic aromatic

several avenues for further model develooment and improve- hydrocarbons adsorbed on simulated atmospheric particulates,
vera avenu u velop IMPrOVe- £ pyiron. Sci. Technol., 19, 1004-1006, 1985.

ment. !mprOV?d tempora[ emls_3|0n estimates for.PA_Hs areBidIeman, T. F.: Atmospheric processes: Wet and dry deposition of
key to improving model simulations of these species; Simu-  grganic compounds are controlled by their vapor-particle parti-
lated PAHs showed less temporal variability than the mea-  tjoning, Environ. Sci. Technol., 22, 361-367, 1988.
surements. The reactions of particulate PAH species witlBieser, J., Aulinger, A., Matthias, V., and Quante, M.: Impact of
atmospheric oxidants should be given further considera- emission reductions between 1980 and 2020 on atmospheric
tion since the more reactive species were overestimated in benzo[a]pyrene concentrations over Europe, Water Air Soil Poll.,
the current model. The addition of an air-surface exchange 223, 1393-1414, 2012. _ _
parametrisation should be evaluated as a potential respon§danchard, P., Audette, C. V,, Hulting, M. L., Basu, 1., Brice, K.
to the seasonally varying prediction capability of the model ﬁ.,_lBacku’;, S. '\(;"\’NDryéhf)::['Clarth:' ZrOUde_’_F" antes,_R. Al;
for the most volatile compounds. Model resolution has been \e!'son, M., and Wu, R.: Atmospheric deposition of toxic sub-
A . i . . stances to the Great Lakes: IADN results through 2005, ISBN
shown to be a key factor in improving air-pollution estimates

. . . . . En56-146/2005E, Environment Canada and US EPA, Toronto,
in areas with high human exposures. While the 42km hori- 5495

0
zontal grid spacing used in this study is finer than that usedsgzjaker, A., Muezzinoglu, A., and Odabasi, M.: Atmospheric con-
in global models, it was insufficient to capture the distribu-  centrations, dry deposition and air—soil exchange of polycyclic
tion of concentrations in densely populated areas. A more aromatic hydrocarbons (PAHSs) in an industrial region in Turkey,
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