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Abstract. Observations from the 2007 Border Air Quality
and Meteorology Study (BAQS-Met 2007) in Southern On-
tario, Canada, were used to evaluate predictions of primary
organic aerosol (POA) and two other carbonaceous species,
black carbon (BC) and carbon monoxide (CO), made for this
summertime period by Environment Canada’s AURAMS re-
gional chemical transport model. Particle component-based
factor analysis was applied to aerosol mass spectrometer
measurements made at one urban site (Windsor, ON) and
two rural sites (Harrow and Bear Creek, ON) to derive
hydrocarbon-like organic aerosol (HOA) factors. A novel di-
agnostic model evaluation was performed by investigating
model POA bias as a function of HOA mass concentration
and indicator ratios (e.g. BC/HOA). Eight case studies were
selected based on factor analysis and back trajectories to help
classify model bias for certain POA source types. By consid-
ering model POA bias in relation to co-located BC and CO
biases, a plausible story is developed that explains the model
biases for all three species.

At the rural sites, daytime mean PM1 POA mass concen-
trations were under-predicted compared to observed HOA
concentrations. POA under-predictions were accentuated
when the transport arriving at the rural sites was from the
Detroit/Windsor urban complex and for short-term periods
of biomass burning influence. Interestingly, the daytime CO

concentrations were only slightly under-predicted at both ru-
ral sites, whereas CO was over-predicted at the urban Wind-
sor site with a normalized mean bias of 134 %, while good
agreement was observed at Windsor for the comparison of
daytime PM1 POA and HOA mean values, 1.1 µg m−3 and
1.2 µg m−3, respectively. Biases in model POA predictions
also trended from positive to negative with increasing HOA
values. Periods of POA over-prediction were most evident at
the urban site on calm nights due to an overly-stable model
surface layer. This model behaviour can be explained by a
combination of model under-estimation of vertical mixing at
the urban location, under-representation of PM emissions for
on-road traffic exhaust along major urban roads and high-
ways, and a more structured allocation of area POA sources
such as food cooking and dust emissions to urban locations.
A downward trend in POA bias was also observed at the ur-
ban site as a function of the BC/HOA indicator ratio, sug-
gesting a possible association of POA under-prediction with
under-representation of diesel combustion sources. An inves-
tigation of the emission inventories for the province of On-
tario and the nearby US state of Indiana also suggested that
the top POA area emission sources (food cooking, organic-
bound to dust, waste disposal burning) dominated over mo-
bile and point sources, again consistent with a mobile under-
estimation.
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We conclude that more effort should be placed at re-
ducing uncertainties in the treatment of several large POA
emission sources, in particular food cooking, fugitive dust,
waste disposal burning, and on-road traffic sources, and es-
pecially their spatial surrogates and temporal profiles. This
includes using higher spatial resolution model grids to better
resolve the urban road network and urban food cooking loca-
tions. We also recommend that additional sources of urban-
scale vertical mixing in the model, such as a stronger urban
heat island effect and vehicle-induced turbulence, would help
model predictions at urban locations, especially at night time.

1 Introduction

Particulate matter (PM) has important health impacts on car-
diovascular morbidity and lung function (Pope and Dockery,
2006; Mauderly and Chow, 2008). Even trace levels of some
directly-emitted aerosol chemical components (e.g., PAHs)
can be quite toxic and have significant adverse human health
effects (Bostr̈om et al., 2002). PM emissions are also essen-
tial in determining cloud-condensation-nuclei number con-
centration, which impacts cloud radiative forcing properties
and regional-scale climates (Zhang, 2008; Grell et al., 2011).
However, it is challenging to establish a cause-and-effect re-
lationship with specific sources contributing to PM because
of the wide array of particle sources and atmospheric trans-
formation mechanisms. To simulate the complex processing
of primary PM emissions in the Earth system, air quality
(AQ) and climate modeling systems are being developed as
predictive tools (e.g., IPCC AR4 WG1, 2007; Kelly et al.,
2011) and for providing policy guidance for emission reduc-
tion strategies via retrospective simulations (e.g., Environ-
ment Canada and Health Canada, 2011).

The carbonaceous component of PM is the most com-
plex component to characterize due to the wide range of
constituent organic compounds with different sources and
varying chemical reactivity and physical properties such as
volatility, light scattering, light absorption, and hygroscopic-
ity. Organic aerosol (OA) and black carbon (BC) are both key
PM chemical components that are co-emitted from combus-
tion sources. An organic carbon coating on BC particles can
alter their morphology (Chan et al., 2010) by enhancing the
collapse of BC clusters, which can in turn alter the scattering
and absorption properties of the emitted particles (Andreae
and Gelencśer, 2006). The organic component of combustion
aerosol is relatively hydrophobic, typically,>85 % by mass
(Schauer et al., 1999; Sage et al., 2008). In experimental dilu-
tion samplers, the organic component of combustion aerosol
has been shown to obey absorptive partitioning theory (e.g.,
Robinson et al., 2010), which suggests that it is dynamic in
nature and can evaporate on dilution to atmospheric scales.

Primary organic aerosol (POA) is defined as directly emit-
ted organic aerosol (e.g. traffic emissions, biomass burning).

POA has received less attention in the literature than sec-
ondary organic aerosol (SOA). However, POA is important
because it can act as a seed for organic vapour condensa-
tion and it is believed to contain some toxic materials (e.g.,
dioxins: Lohmann and Jones, 1998; Lee et al., 2007). Tradi-
tionally, POA has been thought of as an inert tracer in AQ
models; however, recent laboratory studies have raised some
doubts about this assumption (Robinson et al., 2010). For the
above reasons, it is important to try to isolate POA from SOA
in model evaluation studies.

OA data acquired by the Aerosol Mass Spectrometer
(AMS) instrument have been deconvolved into hydrocarbon-
like OA (HOA) and oxygenated OA (OOA) components
(Zhang et al., 2005). HOA has been linked to primary emis-
sions such as liquid fuel combustion. Zhang et al. (2007) per-
formed factor analysis on AMS data from 37 field campaigns
and found that HOA represented 36 % and 17 % of OA at
urban and suburban sites, respectively. There has been dis-
cussion in the literature about whether HOA includes other
sources such as food cooking and biomass burning. A pos-
itive matrix factorization (PMF) analysis of AMS data in
Zurich, Switzerland during the summer (Lanz et al., 2007)
ascribed a 10 % contribution from liquid fuel combustion
and a 10–15 % contribution from local food cooking to OA
in which both sources loaded onto the HOA factor with
a 2-component solution (HOA, OOA) but were separated
with a 3-component solution (HOA, food cooking, OOA).
Mohr et al. (2009) analyzed the unit resolution AMS spec-
tra from meat cooking, plastic burning, paper burning, and
wood burning and concluded that meat cooking and plastic
burning grouped with the HOA factor, whereas paper burn-
ing and wood burning grouped on a unique factor (termed
BBOA). In general, with the unit resolution AMS and a lim-
ited number of PMF factors chosen, biomass burning will
load on its own factor for air masses sampled near biomass
burning sources but will load mostly onto the HOA factor for
a smaller regional biomass burning influence (Slowik et al.,
2011).

POA is challenging to model because its emissions have
large uncertainties in terms of source activity levels (e.g.,
vehicle distance traveled), fuel-based PM emission factors
(e.g., mass of PM emitted per distance traveled), PM chem-
ical and size profiles (e.g., POA fraction of PM, PM1 frac-
tion of PM2.5), source spatial and temporal profiles, as well
as organic-component volatility distribution (Robinson et al.,
2010). Nonetheless, source-oriented AQ modeling systems
have advanced in terms of predicting POA and SOA ambi-
ent concentrations and in estimating biogenic and anthro-
pogenic contributions to SOA formation. Good agreement
between source-resolved models and receptor-based analy-
sis can also increase our confidence in the source apportion-
ment of POA. Ying et al. (2007) used the CIT/UCD model
to evaluate Los Angeles PM2.5 data. BC and OA concentra-
tions were underpredicted at rush-hour periods, which were
attributed to a bias in the diesel emission inventory. Bhave
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et al. (2007) performed a diagnostic evaluation of CMAQ-
model-predicted PM2.5 OA using molecular marker mea-
surements from eight sites in the Southeastern US during
the summer. Results indicate that the modelled contributions
from vehicle exhaust and biomass combustion were unbiased
across the region for most sites; however, in Atlanta, overesti-
mation of vehicle emissions was significant but was partially
compensated by underestimates of other sources. Lane et
al. (2007) evaluated the PMCAMx model against chemical-
mass-balance results from sites in the eastern US. There was
evidence that POA concentrations from natural gas, wood
burning, and off-road diesel combustion were overestimated.
Zhang and Ying (2010) used the UCD/CIT model to study
the source contributions to PM2.5 in the Houston-Galveston,
Texas area. PM2.5 BC in the 4-km model domain was largely
from diesel combustion while POA was largely from a com-
bination of gasoline and diesel combustion and industrial
sources. Predicted POA from diesel and gasoline combustion
agreed well with observed HOA, but predicted POA from
biomass burning under-represented the biomass burning or-
ganic factor (BBOA) and differences were attributed to wild-
fire emissions missing from the inventory.

The Border Air Quality and Meteorology Study (BAQS-
Met 2007) collected state-of-the-art, high-time-resolution
OA measurements at two rural sites and one urban site in
southwestern Ontario in summer 2007 (Brook et al., 2012).
Southwestern Ontario is home to some of the highest PM
concentration levels in Canada. Southwestern Ontario is also
one of the most challenging regions for AQ predictions due
to the presence of both a wide range of sources and complex
mesoscale meteorology associated with the southern Great
Lakes of North America.

This study presents a detailed evaluation on the current
state of chemical transport model (CTM) predictions of pri-
mary organic aerosol (POA) using Environment Canada’s
AURAMS model, (Makar et al., 2010a; Stroud et al., 2011),
recent Canadian and US national emissions inventories, and
detailed field measurements from the BAQS-Met field study.
The objectives of this study are to quantify POA biases that
can be expected with AURAMS and to identify where the
greatest uncertainties reside so as to guide future model im-
provements. The novel approach that is followed is to an-
alyze model biases for POA in terms of pollutant concen-
trations and indicators of air-mass sources and history (e.g.,
HOA concentration, ratios of BC/HOA). Case study peri-
ods selected using single-particle PMF analysis (McGuire et
al., 2011) and meteorological back trajectories provide ad-
ditional information to aid in diagnosing systematic model
biases by source type.

The paper is organized as follows. Section 2 describes the
scientific methods that were used; Sect. 3 presents results on:
(3.1) POA sources affecting the study area, (3.2) campaign
statistics for POA at the Windsor urban site, (3.3) a correla-
tion plot for POA bias as a function of POA and indicator ra-
tios for Windsor, (3.4) campaign statistics for CO and BC at

Windsor, (3.5) campaign statistics for POA at the rural sites,
(3.6) campaign statistics for CO and BC at the rural sites,
and (3.7) case studies at rural sites; Sect. 4 presents discus-
sion on: (4.1) other receptor-modelling results in comparison
to our results and (4.2) recommendations for future work.
Lastly, Sect. 5 provides conclusions and a Supplementary
Information section provides supporting material and addi-
tional analyses.

2 Methodology

2.1 BAQS-Met field study and supersites

The BAQS-Met field campaign was conducted from 20 June
to 10 July 2007 in southwestern Ontario east of the Detroit,
Michigan-Windsor, Ontario urban area and close to the in-
ternational border between Canada and the US The Detroit-
Windsor urban area is also a major industrial area with au-
tomobile manufacturing, steel production, chemical produc-
tion, electric power generation and petrochemical refining
sectors. The BAQS-Met study area is also influenced by ma-
jor point emission sources located along the St. Clair River
to the north of Detroit (petrochemical refineries and electric-
power generating stations), other cities such as Toledo and
Cleveland, and electric-power generating stations located on
the southern shores of Lake Erie (see Fig. 1).

The study area is also frequently impacted by long-range
transport of pollution from the Ohio Valley and US Mid-
west into Southern Ontario. In addition to such synoptic-
scale flows, complex mesoscale circulations frequently oc-
cur in the BAQS-Met study area in the summer due to
the presence of two of eastern North America’s five Great
Lakes, Lakes Erie and Huron, and another large lake, Lake
St. Clair, which is located just northeast of Detroit-Windsor.
These terrain-forced mesoscale circulations, including mul-
tiple lake breezes and land breezes, can have a strong influ-
ence on pollutant transport and transformation, including the
pollutants carried in the urban plume from Detroit-Windsor
(Sills et al., 2011).

Four AQ super-sites were operated during the study; their
locations are shown in Fig. 1. The Windsor site was located
in the eastern half of that city just south of a major high-
way carrying cross-border traffic to the Ambassador Bridge
joining Canada and the US The Bear Creek site was located
∼60 km east-northeast of Detroit-Windsor across Lake St.
Clair in a wetland area surrounded by farmland. The Har-
row site was situated∼40 km southeast of Detroit-Windsor
and∼5 km north of Lake Erie on farmland. The Ridgetown
site was the eastern-most site and was also located on farm-
land just north of the Lake Erie shoreline. This site geometry
allowed both the Detroit-Windsor urban plume and regional
air masses to be sampled simultaneously at the rural sites on
many days. The high-time-resolution PM1 OA data consid-
ered in this study were collected by AMS instruments at three
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Fig. 1. Locations for the four atmospheric chemistry measurement super-sites (labeled in boxes) in southwestern Ontario, Canada during
the BAQS-Met field campaign. Locations of existing and enhanced meteorological stations are also marked. Dotted line represents the
US-Canada border.

of these sites: Windsor, Harrow, and Bear Creek. BC and CO
measurements were also made at Windsor, Harrow, and Bear
Creek.

More information about BAQS-Met may be found in
Brook et al. (2012); Hayden et al. (2011); Levy et al. (2010);
Makar et al. (2010a,b); Sills et al. (2011); Slowik et
al. (2011), and Stroud et al. (2011).

2.2 AQ modelling system description and setup

AURAMS is a regional AQ modelling system developed by
Environment Canada (EC); the acronym AURAMS stands
for “A Unified Regional Air-quality Modelling System”.
AURAMS consists of three main components: a numeri-
cal weather prediction model; an off-line regional chemical
transport model (CTM); and an emissions processing system.
Version 1.4.0 of the AURAMS CTM, which was used in this
study, was driven by version 3.2.2 of the Canadian opera-
tional weather forecast model, GEM (Global Environmental
Multiscale model) (Ĉoté et al., 1998) and emissions files pre-
pared using version 2.3 of the SMOKE emissions processing
system (CEP, 2011). Note that we reference specific version
numbers here so that the model development and evaluation
over time can be documented and accessed by the modeling
community.

The GEM meteorological model with physics version 4.5
was run from 1 June to 31 August 2007 for a 575× 641
global, variable-resolution, rotated latitude-longitude hori-
zontal grid with a 432× 565 uniform subgrid with 0.1375◦

(∼15.3-km) grid spacing centered on and covering North
America. 58 hybrid vertical coordinate levels from the
Earth’s surface to 10 hPa were employed, with layer thick-
ness increasing monotonically with height, and a 450-s
time step was used. A high-resolution limited-area config-
uration of GEM was also run for part of this period (17
June to 11 July) for a domain covering the Great Lakes
area: 565× 494× 58 grid, 0.0225◦ (∼2.5-km) horizontal
grid spacing, and 60-s time step. Hourly output from the
global GEM simulation was used to provide boundary condi-
tions for the high-resolution limited-area GEM simulations.
More details may be found in Makar et al. (2011a).

Wind fields from the high-resolution GEM simulations
were also used to produce 48-h, three-dimensional, kine-
matic back trajectories arriving at the BAQS-Met study
super-sites (see accompanying Supplemental Information
section). The back trajectories were calculated using a 120-
s time step and five different arrival heights (0.05, 0.1, 0.3,
1, and 3 km) so the vertical directional shear could be esti-
mated. The model takes into account advection by 3-D winds
(Runge-Kutta temporal scheme of order 4). This trajectory
model was originally developed by the Environmental Emer-
gency Response team at EC’s Canadian Meteorological Cen-
tre.

The AURAMS CTM includes representations of gas-,
aqueous-, and particle-phase chemistry and predicts tropo-
spheric ozone, size-distributed particulate matter (based on a
sectional treatment), and acid deposition. Overall, the model

Atmos. Chem. Phys., 12, 8297–8321, 2012 www.atmos-chem-phys.net/12/8297/2012/



C. A. Stroud et al.: Evaluation of chemical transport model predictions 8301

Fig. 2. AURAMS nested grid configuration for BAQS-Met simula-
tions. Outermost grid has a horizontal grid spacing of 42 km. Inner
grids have horizontal grid spacings of 15 and 2.5 km, respectively.

tracks 157 species: 49 gaseous species and nine aerosol
species distributed over 12 logarithmically-distributed size
bins ranging from 0.01 to 41 µm in Stokes diameter. In this
study, PM1 refers to particles with a Stokes diameter less than
0.68 µm (mass in bins 1–6 and 0.042 of bin 7). This corre-
sponds to the vacuum aerodynamic diameter particle trans-
mission cut-off of the AMS instrument (personal communi-
cation with Dr. John Liggio, assuming a particle density of
1.5 g m−3 and a shape factor of unity). The nine PM chemi-
cal species considered are POA, BC, SOA, sulphate, nitrate,
ammonium, crustal material (CM), sea salt, and particle-
bound water. Removal processes include wet and dry depo-
sition of both gases and particles. Operator splitting is ap-
plied to the various process parameterizations in the follow-
ing order: point source emissions and plume rise; advec-
tion; vertical diffusion, gas-phase dry deposition, and sur-
face emissions; gas-phase chemistry; aerosol processes (nu-
cleation, condensation/evaporation, coagulation, sedimenta-
tion, dry deposition), in-cloud and below-cloud processes;
and SOA formation. The most up-to-date descriptions of AU-
RAMS process representations can be found in the follow-
ing references: SOA formation in Slowik et al. (2010) and
Stroud et al. (2011); gas-phase chemistry and speciation in
Stroud et al. (2008); vertical mixing and urban-heat-island
effects in Makar et al. (2006); cloud processing of pollutants
in Gong et al. (2006); and aerosol particle dynamics in Gong
et al. (2003). A three-level nested grid configuration was used
for the AURAMS CTM, consisting of an outer continental
grid with 42-km horizontal grid spacing, an inner eastern
North American grid with 15-km grid spacing, and a fine-
scale 2.5-km grid over the BAQS-Met study region (Fig. 2).
Twenty-eight terrain-following modified-Gal-Chen vertical
layers were used with monotonically-increasing spacing to
29 km a.g.l. starting from a 15-m-thick lowest layer. The
model time step was chosen proportionate to the grid spacing
to maintain numerical stability. For this study, a 900-s time

step was used for the 42-km and 15-km simulations while
a 120-s time step was used for the 2.5-km simulation. Me-
teorological fields were provided for the 42-km and 15-km
domains from the GEM 15-km simulations and for the 2.5-
km domain from the GEM 2.5-km simulations. Chemical lat-
eral boundary conditions (CLBC) derived from climatology
are assumed for the 42-km continental domain (Makar et al.,
2010b). All results presented here are from the innermost,
highest-resolution domain.

2.2.1 Treatment of emissions

Files of hourly, speciated, gridded anthropogenic emissions
were prepared for the three AURAMS CTM grids based
on the 2006 Canadian, 2005 US, and 1999 Mexican na-
tional emission inventories (NEIs) using version 2.3 of the
SMOKE emissions processing system. Emissions were sep-
arated into four major emissions source streams: on-road
mobile (ORM) sources; off-road mobile and area (ORAA)
sources; minor-point sources; and major-point sources. ORM
sources include exhaust emissions and evaporative emissions
from cars, light- and heavy-duty trucks, buses, and motorcy-
cles. ORAA emissions include engine emissions from con-
struction, agricultural, commercial and residential activities,
marine, rail, and air transport, coal, oil, wood, and natural gas
combustion, oil sands and mining vehicle fleets, solvent use,
and fugitive emissions. Point sources are larger sources that
emit at least 100 tonnes (Canada) or 100 tons (US) per year
of at least one of the following pollutants: SO2, NOx, CO,
VOC, NH3, PM2.5, or PM10). Minor-point sources include
chimneys and smokestacks with a stack height less than or
equal to 30 m, and major-point sources include facilities with
stack heights greater than 30 m (e.g., electric power genera-
tion units, smelters, refineries).

To obtain emissions of POA for the four source streams
from the bulk PM2.5 emissions in the inventories (unspeci-
ated emissions of particles with aerodynamic diameter less
than 2.5 µm), four source-stream-specific PM2.5 chemical
speciation profiles were employed. The POA percentages of
bulk PM2.5 emissions were 34 % for ORM emissions, 26 %
for ORAA emissions, 16 % for minor-point emissions and
16 % for major-point emissions. These splitting percentages
were derived using the 2001 US NEI and PM chemical spe-
ciation profiles from the EPA SPECIATE4.2 profile library
(US EPA). The profiles were grouped into the four source
streams and then each profile was mass-weighted (based on
the summed emissions in the NEI that use each profile di-
vided by the total PM in a particular source stream) to ar-
rive at the representative averaged splitting factors for each
source stream. The speciated PM emissions thus obtained
must also be size-disaggregated into the 12 size bins used
by the AURAMS CTM; a weighted average of measured PM
size distributions for different source types was applied for
each of the four source streams based on measured size distri-
butions presented in Eldering and Cass (1996). For example,
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the PM1 size fraction of PM2.5 bulk emissions is 0.96, 0.73,
and 0.99 for ORM, ORAA, and point sources, respectively.

The annual inventory data were also temporally disag-
gregated to hourly emissions by applying source-specific
monthly, weekly, and diurnal profiles within SMOKE to each
of the hundreds of Canadian, US, and Mexican source types.
The Canadian NEI data set was spatially disaggregated based
on 42 spatial surrogate fields that, in turn, were derived from
28 socioeconomic categories from the 2001 Canadian census
(e.g., population density, roadways, etc.).

Our base-case simulation assumed that the POA emissions
were non-evaporative. Robinson et al. (2007) published re-
sults highlighting the potential importance of POA evapora-
tion as a diesel exhaust plume mixes in a laboratory dilution
sampler. Recently, Robinson et al. (2010) suggested that for
high-emitting sources, the bias due to absorptive partitioning
may be as high as a factor of∼4 in mass concentration de-
pending on the level of dilution in the atmosphere. The POA
emission factors reported in Schauer et al. (1999) may also be
biased high by a factor of∼2 due to filter sampling artifacts
(see Fig. 6c in Robinson et al., 2010). Over urban source re-
gions, the modelled POA mass concentration scales close to
linearly with the emissions strengths (Samaali et al., 2011).
Our PM1 POA comparison to HOA will provide further evi-
dence to determine whether a POA evaporation hypothesis is
supported in comparing our CTM predictions based on cur-
rent NEI data with the ambient data.

2.3 Measurement techniques

OA measurements were made at three BAQS-Met supersites:
Windsor, Harrow, and Bear Creek (see Fig. 1). The three OA
measurement sites were strategically located to sample both
within the Detroit-Windsor air shed and the Detroit/Windsor
urban plume under common wind directions. In general,
when synoptic patterns produced gradient wind flows from
the southwest, Harrow received only regional background
air, including the influence of the Ohio River Valley and
US Midwest, whereas Bear Creek received regional back-
ground air with Detroit-Windsor emissions superimposed.
Conversely, when gradient wind flows were from the north-
west, Bear Creek received clean continental air from North-
ern Michigan and Central Canada, whereas Harrow received
this background air plus Detroit-Windsor emissions. Time
periods when Bear Creek and Harrow were measuring simi-
lar POA mass concentration likely reflect periods when con-
centrations are representative of a regional background for
the study region. In practice, however, these patterns are
complicated by local lake-related circulation patterns (Levy
et al., 2010), so measurements need to be examined on a
case-by-case basis to understand the local source-receptor re-
lationships.

PM1 OA, SO4, and NO3 measurements were made at
both Bear Creek and Harrow using Aerodyne time-of-flight
aerosol mass spectrometers (AMS), as described in detail

in Slowik et al. (2011). Briefly, particle composition was
measured by a unit mass resolution instrument (C-ToF-
AMS) deployed at Harrow from 17 June to 10 July and a
high-resolution instrument (HR-ToF-AMS) deployed at Bear
Creek from 28 June to 10 July. The AMS provides quanti-
tative size-resolved mass spectra of the PM1 non-refractory
component. As described in Slowik et al. (2011), collection
efficiencies for both instruments were estimated on site. The
OA mass spectra from the two instruments were analyzed by
positive matrix factorization. The PMF solution arrived at in
Slowik et al. (2011) consisted of four factors, which were
labelled HOA (hydrocarbon-like OA), OOA-1 and OOA-2
(oxygenated OA, types 1 and 2), and an Unknown Factor
(UNKN). The UNKN factor was a major component of OA
only at the end of the study, coinciding with a period of high
isoprene, low aromatics, and a sulphate plume from the US
Midwest.

An aerosol time-of-flight mass spectrometer (ATOFMS)
was also deployed at Harrow, ON, to characterize the com-
position of single particles (McGuire et al., 2011). Individual
particles were classified into particle types and PMF was ap-
plied to their temporal trends to separate them into factors.

PM1OA, SO4, and NO3 sampling with a unit-resolution
AMS was also undertaken on EC’s mobile laboratory,
CRUISER, which was stationed for the majority of the
BAQS-Met campaign in Windsor, ON. PMF analysis was
also performed on the CRUISER AMS PM1 data. In this
case, both organic and inorganicm/z fragments were in-
cluded and 6- to10-factor solutions were obtained and com-
pared to known source profiles. Given the commonality of
HOA, this factor appeared in each solution and there was lit-
tle difference in the profile ofm/z and mass explained for the
7– to 10-factor solutions. In the 6-factor solution a biomass
(wood) burning factor and the HOA factor were combined,
whereas increasing the solution to seven factors separated
these two factors. The 8-factor solution for HOA was se-
lected for comparison with the AURAMS results because this
HOA factor had the strongest overall correlation (R = 0.2)
with known source profiles related to vehicle exhaust and
other published HOA factor solutions.

PM2.5 BC measurements were made by the EC CRUISER
mobile laboratory at Windsor with a single particle soot
photometer (SP2). At Bear Creek, EC measured PM2.5
black carbon (BC) with a multi-angle absorption photome-
ter (MAAP). At Harrow, the University of Toronto group
measured PM2.5 BC with a Sunset Laboratory filter-based
thermo-optical instrument, and EC also measured PM2.5 BC
there with a photo-acoustic soot spectrometer (Droplet Mea-
surement Technology). CO was measured at Windsor, Har-
row and Bear Creek with an infrared spectrophotometer
(Thermo Scientific TECO 48).

A scanning LIDAR instrument was deployed on the RAS-
CAL mobile laboratory at Ridgetown. LIDAR is a remot
sensing technique that provides high temporal and verti-
cal information on atmospheric PM layers and was used to
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Fig. 3.Example PM1 POA emissions for the 2.5-km innermost domain split into ORAA (upper left), ORM (upper right), minor point (lower
left), and major point (lower right) sources on a July Monday at 17:00 UTC (12:00 EST).

estimate daytime planetary boundary layer (PBL) mixing
heights (Strawbridge, 2006). No PM composition measure-
ments were made, however, at Ridgetown.

Meteorological measurements were made at a large num-
ber of fixed and mobile surface weather stations in the
study area. Mesoscale-network measurements included wind
speed and direction, dry-bulb and dew-point temperatures,
pressure, and solar radiation. These surface measurements,
combined with GOES-12 satellite data and radar data from
nearby US and Canadian weather radars, allowed the detec-
tion of lake-breeze circulations on each day during the inten-
sive observation period based on mesoscale analysis. More
details on the meteorological measurements and the lake-
breeze detection analysis can be found in Sills et al. (2011).

3 Results and discussion

3.1 POA sources affecting the study area

Before comparing model predictions and field measure-
ments, it is informative to study the PM emissions invento-
ries for the Canadian province of Ontario, where the BAQS-

Met field study took place, and one of the nearby upwind
US states. Indiana was chosen because it is entirely to the
southwest of the study region and POA evaluation statis-
tics for periods with meteorological back trajectories from
the southwest showed model POA under-predictions. Ta-
bles 1 and 2 summarize annual PM1 primary organic car-
bon (POC) emissions for the 2006 Ontario provincial in-
ventory and the 2005 Indiana state inventory, respectively,
where POC is the carbon-only component of POA (i.e., ne-
glecting hydrogen, oxygen, and other constituent elements).
These tabulated POC emissions were calculated by apply-
ing source-specific PM chemical speciation profiles to an-
nual PM2.5 bulk emissions from individual source types that
were identified by source classification category (SCC) codes
in the inventories. An additional season-specific column was
added to Tables 1 and 2 to report 3-month summer emissions
for each POA source. Seasonal scaling factors of 0.5, 0.25,
or 0.0 were then applied to the annual POC mass emissions
depending on the expected seasonal behaviour of each source
type to derive 3-month summer emissions. The PM1 fraction
of PM2.5 was then applied to each source stream in the last
column (see Sect. 2.2.1). Note one special case: the Indiana
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Table 1. POA emissions inventory for the province of Ontario calculated from the 2006 Canadian PM2.5 NEI with the application of
SCC-specific PM chemical speciation profiles and sorted by importance into four aggregate source streams (where 1 ton = 0.9072 tonnes).

Source
Stream

Ontario 2006 PM Inventory
Source Category

PM2.5 POC Emissions (tons C yr−1) PM1 Summer
Source-Stream Contri-
bution
(% Contribution2)

Annual Summer1

On-road Mobile Heavy Duty Diesel Vehicles 299 75 A 196× 0.96 (5 %)
Light Duty Gasoline Cars 212 53 A
Light Duty Gasoline Trucks 180 45 A
Heavy Duty Gasoline Vehicles 40 10 A
Other On-road Vehicles 50 13 A

Off-road Mobile Diesel Agricultural Tractors 958 479 B 1168× 0.96 (29 %)
Diesel Agricultural Combines 96 48 B
Gasoline Pleasure Craft – Outboard 845 211 A
Gasoline Recreational – Snowmobiles 641 0 C
Diesel Trains 221 55 A
Diesel Trucks for Construction, Mining 79 20 A
Other Off-road Mobile Sources 1420 355 A

Area Residential Wood Combustion 12,748 0 C 3.477× 0.73 (64 %)
Residential Natural Gas 948 0 C
Residential Liquid Petroleum Gas
and Oil

36 0 C

Commercial Fuel Combustion 238 60 A
Electric Utility Fuel Combustion 15 4 A
Agricultural Production – Mostly Crop Drying
and Loading

11 6 B

Charcoal Grilling 2.690 1.345 B
Description Unavailable 1.822 456 A
Dust - Construction

- Agriculture
- Road Fugitives

292
71
2052

146 B
36 B
1026 B

Waste Disposal Burning 270 68 A
Industrial Metal Production 733 183 A
Industrial Mineral Processes 126 32 A
Industrial Petroleum Refining 445 111 A
Other Area Sources 14 4 A

Point Sum of all major and minor stacks 313 78 A 78× 0.99 (2 %)

Total 25.452 4.919

1Summer total column:

A emissions divided into all 4 seasons equally (÷4)

B emissions only for1/2 spring, summer and1/2 fall (÷2)

C emissions only in winter

2Percentage Source Stream Contribution (in brackets) calculated using by summing individual summertime contributions in prior column and applying a PM1 fraction of PM2.5
factor (0.96 for mobile, 0.73 for area, and 0.99 for point source streams).

ORM emissions in Table 2 were present in the US NEI on a
season-specific per-day basis, and thus the 3-month summer
estimate was calculated by multiplication by 91 days.

For Ontario, the current NEI indicates that the ORM sec-
tor contributes (196× 0.96) tons C/summer of PM1 POC
emissions (5 % of total) with important contributions from
both diesel and gasoline engines. The off-road mobile emis-
sions were estimated to be (1.168× 0.96) tons C/summer
(29 % of total) with the largest contribution coming from
diesel tractors. The area sources of PM1 POC emissions are
diverse in nature and total (3.477× 0.73) tons C/summer
(64 % of total), with charcoal grilling (1.345× 0.73), dust

sources (1.208× 0.73), unavailable (456× 0.73), industrial
metal production (183× 0.73), and industrial petroleum re-
fining (111× 0.73) making the largest contributions to the
area sources. The minor and major point sources combined
totalled (78× 0.99) tons C/summer (2 % of total). The mag-
nitudes of the POC emissions from area sources, especially
from charcoal grilling, dust-related emissions, and off-road
tractors, are surprising. Further investigation into the PM
chemical profiles (US EPA SPECIATE4.2 database) applied
to calculate the PM2.5 POC emissions from charbroiling
revealed a POC percentage of 81 % and from the PM2.5
dust emissions revealed POC percentages of 9.7 % for paved
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Table 2.POA inventory for the state of Indiana calculated with the 2005 US PM2.5 emissions inventory with the application of SCC-specific
PM chemical speciation profiles and sorted by importance into four aggregate source streams.

Source Stream Indiana 2005 PM Inventory Source CategoriesPM2.5 POC Emissions (Tons POC yr−1) PM1 Summer
Source Stream
Contribution
(% Contribution2)

Annual Summer

On-road Mobile Heavy Duty Diesel Vehicles N/A 92 D 204× 0.96 (7 %)
Light Duty Gasoline Cars N/A 51 D
Light Duty Gasoline Trucks N/A 35 D
Heavy Duty Gasoline Vehicles N/A 18 D
Other On-road Vehicles N/A 8 D

Off-road Mobile Diesel Agricultural Tractors N/A 75 D 572× 0.96 (19 %)
Diesel Agricultural Combines N/A 8 D
Gasoline Pleasure Craft – Outboard N/A 81 D
Gasoline Recreational Vehicles N/A 76 D
Gasoline Lawn and Garden N/A 91 D
Diesel Construction and Mining N/A 62 D
Forklifts N/A 18 D
Diesel Trains 158 40 A
Commercial Marine Vessels 60 15 A
Other Off-road Sources N/A 106 D

Area Residential Wood Combustion 2.249 0 C 1.863× 0.73 (48 %)
Residential Natural gas 26 0 C
Residential Petroleum Gas, Coal, Oil 70 0 C
Commercial Fuel Combustion 22 6 A
Industrial Fuel Combustion 621 155 A
Charcoal Grilling 1.185 593 B
Dust - Construction

- Agriculture
- Road Fugitives

99
632
921

50 B
316 B
460 B

Waste Disposal Burning 1.127 282 A
Other Area Sources 5 1 A

Point Sum of all major and minor stacks (coal-based
electric generation units (EGUs), natural gas
EGUs, industry natural gas combustion, oil-
based commercial boilers, metal production, fi-
breglass production, coatings, others)

1.070 EGUs
+ 1.990 non-
EGUs

765 A
(∼1/3 by
EGUs)

765× 0.99 (26 %)

Total N/A 3.404

1 Summer total column:

A emissions divided into all 4 seasons equally (÷4)

B emissions only for1/2 spring, summer and1/2 fall (÷2)

C emissions only in winter

D emissions calculated from daily US EPA MOBILE6 model output (Summer=91 days)

2Percentage Source Stream Contribution (in brackets) calculated using by summing individual summertime contributions in prior column and applying a PM1 fraction of PM2.5
factor (0.96 for mobile, 0.73 for area, and 0.99 for point source streams).
N/A Not Applicable

roads, 5.5 % for unpaved roads, 4.6 % for construction, and
3.1 % for agricultural activities. For dust, these are relatively
small percentages, but when they are applied to the large
PM2.5 dust emissions from these source types they yield ap-
preciable PM2.5 POC emissions. Thus, the current Canadian
NEI and available PM2.5 speciation profiles lead to the con-
clusion that area sources are the major contributor to PM2.5
POC emissions, especially on regional scales.

For the AURAMS simulations, emissions were processed
slightly differently than those for the results in Tables 1 and 2.

First, source-specific PM2.5 bulk emissions totals were allo-
cated spatially and temporally with SMOKE using source-
type-specific spatial and temporal profiles and then were ag-
gregated into four source streams: ORM sources; ORAA
sources; and minor and major point sources. Second, the
source streams for PM2.5 were allocated chemically into five
chemical components (POA, BC, SO4, NO3, CM) and into
eight particle size bins within AURAMS. The four panels of
Fig. 3 show examples of the spatial distribution of PM1 POA
emission maps for a July Monday at 17:00 UTC (13:00 EST)
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Table 3.Percentage emission source contributions for different model domains (PM emissions are for PM1 size range) for July on Monday
at 17:00 UTC (12:00 EST).

Species Source Detroit 42 km 15 km 2.5 km
Classification Grid Cell Domain Domain

PM1 POA On-road 15% 5.8 % 8.4 %
Off-road + Area 47 % 74 % 74 %
Minor + Major Point 10 %+28 %=38 % 5.5 %+14.9 % =20 % 5.2 %+12 % = 17%

CO On-road 47 % 46 % 44 %
Off-road + Area 49 % 51 % 53 %
Minor+Major Point 1.8 % + 2.0 %=3.8 % 1.2 % + 1.9 % = 3.1 % 0.7 % + 2.2 % = 2.9 %

PM1BC On-road 54 % 27 % 35 %
Off-road+Area 31% 63 % 57 %
Minor + Major Point 3.9 + 10.7 %=14.6 % 2.7 + 7.3 % = 10 % 2.2 % + 5.3 % = 7.5 %

Percentages greater than 20 % are highlighted for emphasis.

Fig. 4. Model PM1 POA percentage error for nighttime conditions
under low winds at Harrow. The colour coding is the ratio of the
modeled and measured surface temperature. Under light winds and
cooler model surface temperatures, modelled vertical mixing is di-
minished. Data plotted for nights from 29 June to 11 July 2007.

for ORAA sources, ORM sources, and minor and major point
sources. For the ORM emissions the spatial distribution is
focused on major highways and urban centres, with higher
emissions associated with US highways compared to Cana-
dian highways. For the ORAA sources, the spatial distri-
bution is much more homogeneous, with the exception of
lower emissions over the lakes and to the northeast of Bear
Creek, and no large discontinuity is observed across the US
and Canadian land border. The dominance of the POA area
sources suggested by Tables 1 and 2 is evident in Fig. 3, with
only the grid cells containing major roadways in the US and
to the north of Bear Creek in the Port Huron, MI-Sarnia, ON
area having ORM POA emissions greater than the ORAA
POA emissions. Figure 3 also shows the POA major and mi-

nor point sources. The scales on the point-source plots are an
order of magnitude larger than those used for the ORAA and
ORM emissions plots. Significant point-source emissions are
found in the US to the north, west, and south of the study
area, but there are few POA point sources on the Canadian
side of the international border and south of Bear Creek. Ma-
jor point sources are often power generation stations; these
have high NOx emissions, but due to efficient combustion
and to PM control technologies they are typically lower POA
emitters (even though POA makes up 16 % of PM2.5mass in
our point-source profiles).

Domain totals for the entire innermost (2.5-km) mod-
elling domain (cf. Fig. 2) show that 74 % of the PM1 POA
emissions are from ORAA sources, 12 % from major point
sources, 8 % from ORM sources, and 5 % from minor point
sources (see Fig. 2 and Table 3). For the entire 15-km middle
nested domain, 74 % of the PM1 POA emissions are from
ORAA sources, 15 % from major point sources, 6 % from
ORM sources, and 5 % from minor point sources. For the
single 42× 42 km grid cell of the outermost domain that
includes Detroit and downtown Windsor, 47 % of the PM1
POA emissions are from ORAA sources, 28 % from ma-
jor point sources, 15 % from ORM sources, and 10 % from
minor point sources. Thus, according to the Canadian and
US NEIs, the Windsor site is strongly impacted by all emis-
sions source streams, including ORM emissions in the De-
troit/Windsor urban area and ORAA and point sources in the
surrounding region. The Harrow site is impacted largely by
ORAA sources, with the exception of those times when it
is directly impacted by plumes from point sources or from
nearby urban centers (Cleveland and Toledo along the south
shore of Lake Erie and Detroit/Windsor to the northwest). At
Bear Creek, ORAA and ORM sources in nearby towns and
major point sources along the St. Clair River are important
local sources, in addition to petrochemical industries to the
north in Sarnia, ON, as well as Detroit-Windsor sources to
the southwest across Lake St. Clair.
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Fig. 5.Scatterplots for Windsor site of(a) ratio of PM1 model POA
to HOA vs. ratio of PM1 model SO4 to measured SO4, colour-coded
with model SO4, (b) ratio of PM1 model POA to HOA vs. HOA,
and(c) ratio of PM2.5 model BC to model POA vs. ratio of mea-
sured PM2.5BC to HOA, colour-coded with ratio of model POA to
HOA (yellow is unbiased, red is HOA underprediction, and blue is
HOA overprediction). Data plotted for period 29 June to 11 July
2007.

For longer-range transport of pollutants to the study re-
gion from the southwest, the emissions in the US Midwest
are of significance. This is an important synoptic flow pattern
for summertime conditions in the study region (i.e., back of
the Bermuda High), and gradient winds from this direction
tend to be brisk (Sills et al., 2011). Furthermore, meteoro-
logical back trajectories arriving to the study region from
the southwest were associated with POA under-predictions
(see Supplement section). Table 2 shows the PM1 POC total
emissions and percent contributions for the state of Indiana,
which is located entirely southwest of the BAQS-Met study
area, calculated with the 2005 US PM2.5 NEI processed as

for Table 1 with the application of SCC-specific PM chemi-
cal profiles and PM1 fractions of PM2.5. Note that the popu-
lation of Indiana in 2005 was about half that of Ontario: 6.3
vs. 12.1 million.

ORM diesel and gasoline combustion emissions in Ta-
ble 2 are comparable in magnitude and total (204× 0.96)
tons POC/summer (7 % of total). Off-road mobile emis-
sions total (572× 0.96) tons POC/summer (19 % of to-
tal) and are dominated by emissions from diesel tractors,
gasoline pleasure craft, gasoline recreational vehicles, and
gasoline lawn and garden equipment. Residential wood
combustion is large in winter but would not be expected
to be significant in summer. Area emissions sources to-
tal (1.863× 0.73) tons POC/summer (48 % of total) and
are composed largely of dust sources, charcoal grilling,
waste disposal, and coal and oil combustion for area in-
dustrial processes. Point-source emissions can be split into
(498× 0.99) tons POC/summer from industrial processes
and (268× 0.99) tons POC/summer from electricity gen-
eration, largely from coal, for a sum of (765× 0.99) tons
POC/summer (26 % of total).

Interestingly, in comparing the PM1 POC Ontario and In-
diana inventories, the sum of the on-road and off-road mo-
bile source percentages are very similar: 34 % for Ontario
and 26 % of Indiana. Ontario has higher area-source per-
centages than Indiana (64 % compared to 48 %) and Indi-
ana has higher point source percentages than Ontario (26 %
compared to 2 %). This is reasonable given the larger popula-
tion and land area of Ontario and larger emissions from point
sources in the US Midwest and Ohio Valley compared to On-
tario, where coal-fired power generation is much less impor-
tant. The Indiana inventory does give a picture of which POA
area sources and point sources are estimated to be impor-
tant (i.e., according to the US NEI) in terms of contributing
to long-range transport of POA into southwestern Ontario.
Charcoal grilling and fugitive dust emissions are the two
largest POA sources in Indiana. Industrial point sources are
diverse and also very important; major emitters include oil-
based boilers, metal production, fibreglass production, and
coatings production among many other source types. Power-
generation point sources are also more important than in On-
tario. ORM sources, on the other hand, are non-negligible but
weaker for the midwestern United States, including Indiana.

Table 3 also lists the emissions contributions by source
stream for two related carbonaceous species, CO and PM2.5
BC. For CO emissions in the Detroit/Windsor airshed, ORM
sources and ORAA sources are comparable in magnitude
while point sources make only a small contribution. For
PM2.5 BC emissions in the Detroit/Windsor airshed (i.e., De-
troit 42-km grid cell), ORM sources are the dominant source
followed by ORAA sources. Point sources are smaller but
non-negligible. Collectively, Table 3 illustrates that POA,
CO, and BC have different source signatures. In comparing
these species, we cannot assume they have common sources,
but they still may provide complementary information on
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Table 4.AURAMS PM1 POA model performance statistics for the 2.5-km grid for the urban Windsor site (concentrations in µg m−3).

PM1 POA Windsor Daytime Windsor Evening and Windsor Rush-Hour
09:00–14:00 EST Nighttime Periods

18:00–06:00 EST 06:00–09:00 EST
14:00–18:00 EST

Number of points 194 532 264
(15 min averages) 13 days 13 days 13 days

Model POA Average± Std Dev 1.1± 0.9 2.1± 2.8 1.6± 1.6
PMF HOA Average± Std Dev 1.2± 1.0 1.0± 1.0 1.4± 2.1
y-Intercept (model value) 0.65± 0.09 0.85± 0.16 1.4± 0.1
Slope 0.39± 0.06 1.2± 0.12 0.16± 0.05
Mean Bias (model-measured) 0.18 1.0 0.16
Normalized Mean Bias +15 % +100 % +11 %
Normalized Mean Error 17 % 140 % 91 %
RMSE 0.31 2.7 2.3
Correlation,R 0.43 0.41 0.20

which sources and/or processes result in model concentra-
tion biases.

3.2 Campaign Statistics for PM1 POA and HOA
at Windsor

Comparing model-derived POA with measurement-derived
HOA must be done carefully and with the knowledge that
HOA and POA are not identical quantities under all situa-
tions. HOA is derived from hydrocarbon-like fragments in
the AMS, which are often strongly tied to fossil-fuel combus-
tion but which can also be related to early-generation prod-
ucts of long-carbon-chain precursors (e.g., sesquiterpenes,
long-chain alkanes) that become oxidized but retain hydro-
carbon character. Similarly, model POA may also contain
some emitted oxygenated organic species that could load
onto the OOA factors. As shown in Sect. 3.1, the POA emis-
sions inventory also contains a large fraction of OA bound
to dust, and it is unlikely that the HOA measurement would
capture this source.

Table 4 presents the model PM1 POA performance statis-
tics for the urban Windsor site (see Fig. 1). Statistics are sepa-
rated into three diurnal periods: daytime (09:00–14:00 EST);
nighttime (18:00–06:00 EST); and rush-hour periods (06:00–
09:00 and 14:00–18:00 EST). The daytime model PM1 POA
mean is 1.1± 0.9 µg m−3 and compares well with the mea-
sured PMF HOA factor mean of 1.2± 1.0 µg m−3; however,
the model vs. measurement correlation yields a slope of 0.39,
a model y-intercept of 0.65 µg m−3 , and a correlation coeffi-
cient,R, of 0.43. The poor correlation likely reflects possible
compensating errors in the emissions or a poor model timing
of meteorological factors such as frontal passages, boundary-
layer stability, and the exact placement of plumes.

The nighttime model PM1 POA mean is 2.1± 2.8 µg m−3

with a large standard deviation as compared to the measure-
ment mean of 1.0± 1.0 µg m−3. The large standard devia-

tion of the model mean likely reflects variations in modelling
the nighttime meteorology, especially vertical mixing near
the surface, while the positive bias suggests that the model’s
surface layer may be too stable at night or that nighttime
emissions may be too large. Figure 4 presents the PM1 POA
percentage error for 15-min averaged data points at Wind-
sor plotted against wind speed for nighttime data only. The
colour coding is the ratio of the model to measured surface
temperature. At night, the largest overpredictions occurred
under light wind conditions (less than 1 m s−1) when the
model was significantly underpredicting surface temperature
(blue points), resulting in a model surface layer that was too
stable compared to ambient conditions.

The rush-hour model PM1 POA mean is 1.6± 1.6 µg m−3,
which compares favourably with the HOA factor of
1.4± 2.1 µg m−3. The HOA factor is largest at rush-hour pe-
riods compared to other times of the day. The large stan-
dard deviation on the measured mean value likely reflects
both meteorological variations associated with the vertical
mixing in the boundary layer and the greater variability of
ORM emissions at this time associated with traffic flow pat-
terns. The y-intercept of the model vs. measurement best-
fit line is particularly large at 1.4± 0.1 µg m−3. The slope
of 0.16± 0.05 and correlation,R = 0.20, are also poor. This
variability reflected in the lowR value could stem from the
poor spatial allocation of Canadian ORM emissions by the
SMOKE program due to the use of a single spatial surro-
gate based on a combination of road-network and population
distributions, which in hindsight over-weighted by popula-
tion distribution and under-weighted roadway locations for
Ontario and other provinces (see Fig. 3). A more detailed ap-
proach that employed six spatial surrogates, three for urban
areas and three for rural areas, was used for spatial allocation
of the US ORM emissions (Zhang et al., 2010).
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A time series analysis was also performed and is presented
in the Supplement section. Specific times are highlighted
where POA was overpredicted due to a very stable model
surface layer, as well as times when the Windsor site was
impacted by power plant plumes and the model tended to
overpredict POA.

3.3 Modelled POA bias and its correlation with
indicator ratios for Windsor

Figure 5a illustrates the ratio of PM1 POA to HOA plotted
against the ratio of PM1 model SO4 to measured SO4 colour-
coded as a function of model SO4 concentration at Wind-
sor. Figure 5a indicates that points that are (1) close to a
model SO4 to measured SO4 ratio of unity (±0.5 from unity
are plotted) and (2) high in model SO4 (e.g., point source
plumes) have a ratio of POA:HOA of 10 or higher. This pro-
vides further evidence of a model tendency to predict high
POA levels in SO4 plumes. For other points with similar ra-
tios of model to measured SO4 close to unity but low model
SO4 concentrations (red points), the POA to HOA ratio is
quite variable (ranging from unbiased to an underprediction
of HOA) and other sources and processes likely play more
important roles.

Figure 5b shows a scatter plot of the model POA to HOA
ratio vs. the HOA factor mass concentration for Windsor.
There is an apparent trend in bias with measured mass con-
centration. At intermediate HOA levels, the model is less bi-
ased; however, it underpredicts at high HOA levels and over-
predicts at low HOA levels. This trend could result from
issues in the spatial resolution of the model grid at urban
scales or from inadequacies with the spatial surrogate fields
for ORM and/or ORAA sources in Windsor. This trend, how-
ever, is also consistent with the evaporation hypothesis pro-
posed by Robinson et al. (2007) for combustion sources that
have undergone significant ambient dilution. At low HOA
loading, the model POA evaporation process may be needed
to reduce the model over-prediction at Windsor.

Figure 5c shows a scatter plot of the ratio of model PM2.5
BC to model POA vs. the ratio of measured PM2.5BC to
HOA and colour-coded with the ratio of model PM1 POA
to HOA (yellow is less biased, red indicates an HOA under-
prediction, and blue indicates an HOA overprediction). The
ratio of PM2.5 BC to HOA is a measure of the importance
of diesel and oil combustion sources relative to other sources
(e.g., food cooking, soil dust, and coal and wood combus-
tion) since PM2.5 BC is produced predominantly from diesel
combustion sources (e.g., Samaali et al., 2011). For ratios
that are low in both model BC:POA and measured BC:HOA
(area sources such as soil dust and meat cooking), these
points have high ratios of POA to HOA (i.e., POA overpre-
dictions, denoted by blue colours). This is consistent with the
hypothesis that the spatial surrogates for these area source
types are too uniform and may need more structure at urban
scales. Conversely, ratios of model and measured BC/POA

that are both large (ORM and ORAA sources of diesel com-
bustion) are colour-coded red, indicating underpredictions in
POA from diesel combustion sources.

3.4 Campaign statistics for CO and PM2.5 BC
at Windsor

The model performance for two other carbonaceous species,
CO and PM2.5 BC, may provide additional information on
how well the model is performing in terms of meteorol-
ogy; however, CO and PM2.5 BC are unique species with
their own modelling challenges. CO is not simply a long-
lived passive tracer of combustion, since it is produced as a
secondary pollutant from both biogenic and anthropogenic
VOCs. PM2.5 BC is also long-lived and can be influenced by
upwind boundary conditions. PM2.5 BC is more problematic
to measure, and three different techniques have been used
at the three super-sites (see Sect. 2.3). BC sources can also
differ from POA sources (e.g., diesel, fuel oil, and aircraft
exhaust emissions are higher in BC than POA; see Fig. 2 in
Robinson et al., 2010).

Tables 5 and 6 present the model evaluation statistics
at the urban Windsor site for CO and PM2.5 BC, respec-
tively. During the day, the campaign-mean model CO was
calculated from 15-min-average data points. The daytime
model CO is significantly overpredicted with a normal-
ized mean bias (NMB) of 134 %, a root mean square er-
ror (RMSE) of 520 ppbv, and a correlation coefficient of
R = 0.24. Conversely, during the day, the campaign-mean
model PM2.5 BC, also calculated from 15-min-average data
points, was underpredicted, with a NMB of−48 %, a RMSE
of 1.4 µg m−3 , and a correlation coefficient ofR = 0.42.
Clearly, the three carbonaceous species (POA, CO, and BC)
have considerably different biases, errors, and correlations.
The NMB value of POA is considerably better than the NMB
values of CO and PM2.5 BC during the daytime hours at
Windsor: 15 % vs. 134 % and−48 %. The nighttime and
rush-hour period statistics are discussed in detail in the
Supplement section. In short, they also show large model
CO overpredictions and PM2.5 BC underpredictions. The y-
intercepts (model values) in the POA model-measurement
scatter plots for all three time periods are all positive and
large compared to mean modelled values. This could result
from numerous possible causes, including (1) not enough
vertical mixing in the model in locations where there are high
emissions, (2) too slow model deposition processes for ur-
ban land use, and/or (3) overly uniform spatial allocation of
emissions in urban areas compared to actual emissions pat-
terns (e.g., roads vs. human population vs. commercial sur-
rogates).

Overall, vertical mixing appears to be a critical model pro-
cess impacting the results at the urban site. It is likely that
the emissions inventory for CO is better characterized than
POA or BC, given that CO emissions per unit activity level
are more easily measured and that CO is chemically and
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physically stable on the time scale of vertical mixing. If we
assume our CO emissions are accurate, then the results may
imply that urban-scale vertical mixing is under-predicted in
the model. BC has a larger source contribution from mobile
emissions, especially diesel combustion, compared to POA
and CO. Any change to increase the mobile emissions, espe-
cially diesel combustion, would result in an improvement in
the model BC negative bias.

3.5 Campaign statistics for PM1 POA and HOA at
Harrow and Bear Creek

Table 7 summarizes the model PM1 POA performance statis-
tics for the rural Harrow and Bear Creek sites. The day-
time model mean at Harrow is 0.3± 0.2 µg m−3 compared
to a PMF HOA factor of 0.8± 0.7 µg m−3. Unlike the urban
site, the nighttime averages in the model and measurements
are similar to the daytime averages. The averages are within
the one standard-deviation of each other. However, the day-
time NMB at Harrow is larger than at Windsor whereas the
nighttime NMB is smaller (−62 % vs. 15 % in day;−51 %
vs. 100 % at night). Given the rural location of Harrow and
its proximity to few ORM emission sources, the variabil-
ity in the modelled 15-min average may be associated with
pollution transport patterns to the site or emissions spatial
disaggregation, both of which have large uncertainties. The
campaign-averaged PM1 POA under-prediction may be a re-
sult of biases in the ORAA inventory or difficulties with
the model consistently representing the transport pathways
of pollutants to Harrow. The model POA y-intercepts, slope,
and correlation are also poor. In the summer Harrow is often
impacted by lake-breeze fronts, which are difficult to model
accurately both spatially and temporally (Levy et al., 2010;
Makar et al., 2010a).

The Supplement section shows time series of measured
PM1 HOA and AURAMS PM1 POA for Harrow. In short,
the model does not capture the magnitude of the largest HOA
maxima, whereas the lowest background concentrations are
captured reasonably well by the model.

Interestingly, the Bear Creek model PM1 POA mean is
similar to Harrow’s while the Bear Creek measured HOA
mean is much smaller than Harrow’s. Like Harrow there is
little difference between daytime and nighttime measured av-
erages at Bear Creek, but the Bear Creek daytime model y-
intercept, slope, NMB, and correlation values are much bet-
ter than the corresponding values for Harrow. This may be a
reflection of Bear Creek being influenced by fewer and dif-
ferent sources than Windsor and Harrow during the study.
The dominant wind direction during the 3-week study was
from the northwest (Sills et al., 2011), and this direction has
few upwind point and urban sources. On the other hand, rel-
ative to Bear Creek, Harrow is situated downwind of the De-
troit/Windsor urban area for northwesterly flow. In addition,
the location of Bear Creek is such that for any wind from
the NW-to-SW quadrant, the location will be impacted by

Fig. 6. Correlation of modeled SO4 and measured SO4 at Harrow,
coloured-coded as a function of the ratio of model POA to HOA,
for the period from 19 June to 10 July 2007.

emissions from the US NEI, which are arguably better char-
acterized than the Canadian NEI, especially in the applica-
tion of spatial surrogates since US emissions are reported at
the county level, which is a much finer spatial scale than the
Canadian emissions, which are reported at the much larger
provincial level and hence which are much more sensitive to
the suitability and representativeness of the spatial surrogates
that are used. The transport pathways may also be better rep-
resented in the model at Bear Creek. The correlation does
worsen at night for Bear Creek, but the model remains unbi-
ased there. This may be a reflection of predicting the stabil-
ity of the nocturnal boundary layer and the drainage flow of
plumes from local sources along the St. Clair River.

3.6 Campaign statistics for CO and PM2.5 BC at
Harrow and Bear Creek

Tables 8 and 9 list campaign-period performance statistics
for CO and PM2.5 BC at Harrow and Bear Creek (cf. Ta-
bles 5 and 6 for Windsor). CO was largely unbiased at both
sites for both daytime and nighttime periods. The correlation
coefficient,R, for CO is also significantly improved for these
two rural sites compared to the urban Windsor site. The good
agreement for CO at these two rural sites suggests that long-
range transport and boundary conditions are not the cause
of the poor CO model results at Windsor. This reduces the
number of possible sources of model CO overprediction at
Windsor, but still leaves spatial and temporal allocation of
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emissions and/or vertical mixing of emissions as possible ex-
planations.

At Harrow, PM2.5 BC was underpredicted to a similar
degree as POA (NMB =−73 % during day and−67 % at
night vs.−62 % and−51 %). At Bear Creek, PM2.5 BC was
also significantly underpredicted (NMB =−71 % during day
and−67 % at night), but the daytime correlation for BC at
Bear Creek was the best of all three species for the three
sites (R = 0.72). In fact, PM2.5 BC was consistently and sig-
nificantly underpredicted at Windsor, Bear Creek, and Har-
row, suggesting a problem with the magnitude of the emis-
sions. Interestingly, at Harrow none of the three carbona-
ceous species displayed significant differences between day
and night. The behaviour of POA and CO were quite differ-
ent in the statistics at Harrow, while POA and BC had similar
statistics in terms of NMB and correlation.

Calculations of measured and model PM1 sulphate for
the entire period at Harrow showed only a small NMB of
14 %. The model and measured means were 3.3 µg m−3 and
2.8 µg m−3, respectively. Figure 6 shows a scatter plot for
model and measured PM1 SO4 at Harrow colour-coded as a
function of the ratio of PM1 POA to HOA. Points with model
POA to HOA ratios greater than 1.5 tend to fall on or above
the model and measurement SO4 1:1 line. This suggests that
for some model SO4 plumes, the POA is overpredicted (e.g.,
26 June, 12:00–13:00 EST). This likely reflects the CTM’s
ability to predict the placement and vertical mixing of point
source plumes. An examination of the AURAMS surface
SO4 and POA distributions on 26 June (not shown) suggests
Harrow was influenced by longer-range transport of plumes
from point sources along the southern shore of Lake Erie. In-
terestingly, there are also some points close to the PM1SO4
model vs. measurement 1:1 line which are high in POA to
HOA ratio (e.g., 17 June, 13:00–14:00 EST). This suggests
that the point-source PM chemical speciation profile used by
SMOKE may overweight the POA fraction for sources im-
pacting Harrow. An examination of the AURAMS surface
SO4 and POA distributions (not shown) suggests Harrow was
influenced from point sources along the Detroit River on 17
June; however, the model fields also suggest significant con-
vective activity and showers on this day and this complicates
further analysis.

The fact that CO is much better predicted at the two rural
sites whereas POA is often underpredicted at Harrow does
support the hypothesis presented earlier that too weak verti-
cal mixing at the urban site may result in CO overpredictions
there. The air masses impacting Harrow have more time for
vertical mixing out of the lowest model layer and thus are not
as sensitive to mixing as at the urban Windsor site. By con-
trast, POA may be underpredicted at Harrow due to insuffi-
cient upwind urban emissions. The next section will perform
a more diagnostic evaluation of this hypothesis for specific
case study times at Harrow and Bear Creek.

3.7 Case studies

In this section of the study, we examined four types of case
studies (urban influence, biomass burning, transport from the
southwest, and transport from the northwest) to better under-
stand the sources of model POA bias under different daytime
conditions, especially the times for POA under-prediction at
Harrow. Case-study periods were identified based on anal-
ysis of high-resolution meteorological back trajectories for
Harrow and Bear Creek, and, for Harrow, the single-particle
component-based factor analysis results from McGuire et
al. (2011). Cases for air masses transported from the south-
west and northwest are discussed in the Supplement section.
In short, the model showed underpredictions in model POA
with wind direction from the southwest and good agreement
for air masses from the northwest. The mesoscale analyses
and high-resolution back trajectories are included in the Sup-
plement section for all cases. The spatial distributions of the
model vertical wind speed at 390 m are also included in the
Supplement section for one case to compare with the posi-
tions of the lake-breeze fronts on the mesoscale analysis.

Note that 4 July 2007 was removed as a potential case-
study day due to too much model convective instability com-
pared to radar. A model mesoscale circulation swept through
the Bear Creek region that was not observed in the winds at
the mesonet sites. 30 June was also removed due to differ-
ent wind directions observed and modelled near Bear Creek.
At times, the position of the Lake Erie lake-breeze front was
misplaced by the model (e.g., 6 July), which is important in
determining which air masses were sampled at Harrow. A
detailed discussion of meteorological impacts on air quality
is beyond the scope of this paper. Case studies are only pre-
sented in detail here for periods when the model was felt to
represent the transport accurately from a comparison with the
mesoscale analysis. Sulphate will be used for further diagno-
sis in the case studies.

3.7.1 Detroit/Windsor urban-influenced air masses
arriving at Harrow and Bear Creek

Table 10 lists the two representative case-study (CS) peri-
ods for Detroit/Windsor urban-influenced air masses arriv-
ing at Harrow (21 June) and Bear Creek (8 July). At Har-
row, this corresponds to the “Organic” factor period identi-
fied in McGuire et al. (2011). Single-particle ATOFMS PMF
analysis identified the likely source of the organics as fuel
combustion. The “Organic” factor also correlated well with
gas-phase NO2 and PM2.5 BC, which are both fuel combus-
tion tracers. Examination of the measured particle size dis-
tribution for this factor revealed geometric mean diameters
in the range 0.55–0.58 µm, which together suggests the “Or-
ganic” factor may be related to secondary organic aerosol.
The aerosol mass spectra indicated oxidized organic species
and a fragmentation pattern consistent with aromatic molec-
ular groups. Thus, the smaller Aitken-mode HOA particles
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Table 5.AURAMS CO model performance statistics for the 2.5-km grid for the urban Windsor site (mixing ratios in ppbv).

CO Windsor Daytime Windsor Evening Windsor Rush-Hour
09:00-14:00 EST and Nighttime Periods 06:00–09:00 EST

18:00–06:00 EST 14:00–18:00 EST

Number of points 189 535 262
(15 min averages) 13 days 13 days 13 days

Model CO Average± Std Dev 592± 405 566± 393 665± 539
Meas. CO Average± Std Dev 253± 145 285± 219 301± 318
y-Intercept (model value) 420± 58 346± 25 474± 43
Slope 0.68± 0.20 0.77± 0.07 0.64± 0.10
Mean Bias (model-measured) +339 +281 +364
Normalized Mean Bias +134 % +99 % +121 %
Normalized Mean Error 142 % 107 % 137 %
RMSE 520 455 628
Correlation,R 0.24 0.43 0.38

Table 6.AURAMS PM2.5BC model performance statistics for the 2.5-km grid for the urban Windsor site (concentrations in µg m−3).

PM2.5BC Windsor Daytime Windsor Evening Windsor Rush-Hour
09:00–14:00 EST and Nighttime Periods 06:00–09:00 EST

18:00–06:00 EST 14:00–18:00 EST

Number of points 190 535 263
(15 min averages) 13 days 13 days 13 days

Model BC Average± Std Dev 0.70± 0.60 0.83± 0.82 0.88± 0.88
Meas BC Average± Std Dev 1.3± 1.3 1.4± 1.5 1.3± 1.4
y-Intercept (model value) 0.45± 0.06 0.50± 0.04 0.36± 0.06
Slope 0.19± 0.03 0.24± 0.02 0.41± 0.03
Mean Bias (model-measured) −0.65 −0.57 −0.38
Normalized Mean Bias −48 % −41 % −30 %
Normalized Mean Error 59 % 61 % 55 %
RMSE 1.38 1.47 1.12
Correlation,R 0.42 0.43 0.64

likely originated from sources that were also rich in SOA pre-
cursor gases. At Harrow, the AMS HOA factor was 17 % of
the AMS OA measured mass concentration. The HOA fac-
tor (1.4 µg m−3; Table 10) was also larger than the 23-day
daytime average (0.8 µg m−13; Table 7). Back trajectories on
21 June were also consistent with moderate NNW gradient
winds and air parcels passing over southern Detroit before
reaching Harrow (Section Supplement, CS 1a). The NMB
value for PM1 POA was−81 %. The AURAMS PM1 POA
surface distribution map (Fig. 7) shows the Harrow site on
21 June (10:00 EST) being impacted by an electric-power
generation station plume (Trenton) but little else. From the
AURAMS POA surface distribution, the modelled downtown
Detroit plume from the highest density of ORM emissions
passed well north of Harrow. The mesoscale analysis shows
that measured wind directions at Harrow and nearby sites
were consistent with the model winds, and the PBL heights
derived from model vertical profiles were consistent with the
Ridgetown LIDAR measurements.

For other species, the model and measured PM1 SO4 con-
centrations were 1.9 and 1.3 µg m−3 , respectively, over the
5-h daytime period, markedly lower than the model and mea-
sured campaign means for Harrow of 3.3 and 2.8 µg m−3 .
There was a short-lived maximum in the modelled SO4 when
the Trenton plume passed over Harrow (∼30 min duration):
however, the remaining 4.5-h period saw relatively low and
constant SO4 levels in both model and measurements. The
NMB for CO was low at−17 % but the NMB for PM2.5 BC
was−84 %, similar to that for PM1 POA (NMB =−81 %).
The source region in southern Detroit is heavily industrial-
ized. The predominant wind direction in the region for the
campaign was from the west to north-west (Sills et al., 2011).
Given this prevailing wind sector, this case provides further
evidence for a common synoptic pattern contributing to the
campaign-mean negative PM1 POA bias at Harrow.

At Bear Creek on the afternoon of 8 July, the HOA fac-
tor was also larger than average (1.0 vs. 0.3 µg m−13), winds
were moderate from the SW, and back trajectories showed
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Table 7.AURAMS PM1 POA model performance statistics for the 2.5-km grid for the rural Harrow and Bear Creek sites (concentrations in
µg m−3).

PM1 POA Harrow Harrow Bear Creek Bear Creek
Daytime Night-Time Daytime Nighttime

09:00–18:00 EST 18:00–09:00 EST 09:00–18:00 EST 18:00–09:00 EST

Number of points 1828 (15 min avges) 3480 297 (3 min avges) 538
23 days 23 days 12 days 12 days

Model POA Average± Std Dev 0.3± 0.2 0.4± 0.3 0.24± 0.21 0.36± 0.23
PMF HOA Average± Std Dev 0.8± 0.7 0.9± 0.9 0.31± 0.39 0.32± 0.31
y-Intercept (model value) 0.246 0.336 0.14 0.29
Slope 0.058 0.116 0.32 0.21
Mean Bias −0.48 −0.45 −0.07 0.039
Normalized Mean Bias −62 % −51 % −23 % +12 %
Normalized Mean Error 69 % 69 % 63 % 73 %
RMSE 0.87 0.93 0.32 0.34
Correlation,R 0.23 0.32 0.58 0.28

Table 8.AURAMS CO model performance statistics for the 2.5-km grid for the rural Harrow and Bear Creek sites (concentrations in ppbv).

CO Harrow Harrow Bear Creek Bear Creek
Daytime Nighttime Daytime Nighttime

09:00–18:00 EST 18:00–09:00 EST 09:00–18:00 EST 18:00–09:00 EST

Number of points 1514 (15 min avges) 3139 227 (3 min avges) 477
23 days 23 days 12 days 12 days

Model CO Average± Std Dev 180± 49 192± 62 172± 44 172± 44
Meas. CO Average± Std Dev 197± 87 204± 82 199± 97 210± 93
y-Intercept (model value) 129± 3 111± 3 129± 6 103± 4
Slope 0.26± 0.01 0.40± 0.01 0.22± 0.03 0.33± 0.02
Mean Bias (model-measured) −17 −12 −26 −38
Normalized Mean Bias +2 % −6 % −13 % −11 %
Normalized Mean Error 28 % 25 % 26 % 24 %
RMSE 79 73 89 80
Correlation,R 0.46 0.53 0.49 0.69

air passing over industrial southern Detroit and Windsor be-
fore reaching Bear Creek (see Supplement section, CS 1b).
The model PM1 POA mean concentration for the 4-h pe-
riod on July 8 was similar to the 23-day average (0.32 vs.
0.24 µg m−3) and the model PM1 POA NMB was−67 %.
The AURAMS PM1 POA distribution map (Fig. 7) for 8
July (13:00 EST) does not show a well-defined plume being
transported from southern Detroit/Windsor. The model ver-
tical cross section parallel to the surface wind direction at
Bear Creek clearly showed some surface downtown Detroit
urban emissions and their vertical mixing (Fig. 7). The model
mixed layer was well developed at Bear Creek by the after-
noon and vertical mixing was diluting the downwind plume.
The Ridgetown LIDAR measurements were not available at
this time; however, the model-derived PBL height was simi-
lar to the campaign-mean afternoon LIDAR PBL height of
1600 m. The measured HOA was consistently higher than
the campaign-mean value for more than four hours, suggest-

ing the measurements were not due to a passing localized
plume. The NMB values for CO and PM2.5 BC of−21 % and
−71 %, respectively, were similar to the above Harrow case.
The similar NMB values for PM2.5 BC and PM1 POA may
suggest a common cause for the underpredictions (e.g., area-
source spatial disaggregation for urban areas or emissions ac-
tivity levels for urban diesel sources). The good agreement
for CO may suggest that vertical mixing issues at the urban
site may lose their impact at the rural sites due to the longer
transport times for mixing to take place (Table 5 vs. Table 8).

It is interesting that the campaign-mean daytime model
bias for PM1 POA is small at the Windsor urban location, but
the 21 June and 8 July cases both show a significant model
POA underprediction when the Detroit/Windsor plume is im-
pacting one of the rural sites. The mesoscale analyses for
both cases suggest the model is representing the meteorology
reasonably well (see Supplement section, CS 1a,b), and the
wind fields are straightforward for both days, which suggest
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Table 9.AURAMS PM2.5 BC model performance statistics for the 2.5-km grid for the rural Harrow and Bear Creek sites (concentrations in
µg m−3).

PM2.5BC Harrow Harrow Bear Creek Bear Creek
Daytime Nighttime Daytime Nighttime

09:00–18:00 EST 18:00–09:00 EST 09:00–18:00 EST 18:00–09:00 EST

Number of points 239 (105 min avges) 139 295 (3 min avges) 532
23 days 23 days 12 days 12 days

Model BC Average± Std Dev 0.16± 0.11 0.19± 0.12 0.11± 0.09 0.15± 0.09
Meas BC Average± Std Dev 0.60± 0.28 0.61± 0.27 0.38± 0.26 0.46± 0.32
y-Intercept (model value) 0.070± 0.016 0.099± 0.02 0.018± 0.006 0.090± 0.006
Slope 0.15± 0.02 0.15± 0.04 0.24± 0.01 0.14± 0.01
Mean Bias (model-meas) −0.44 −0.42 −0.27 −0.31
Normalized Mean Bias −73 % −67 % −71 % −67 %
Normalized Mean Error 73 % 69 % 71 % 68 %
RMSE 0.50 0.49 0.34 0.42
Correlation,R 0.39 0.33 0.72 0.46

Table 10.Detroit-Windsor urban-influenced air masses arriving at Harrow and Bear Creek.

Date (EST) Model POA
HOA NMB
RMSE

HOA/OA Winds Meteorology Model BC
Meas. BC
NMB
RMSE

Model CO
Meas. CO
NMB
RMSE

Model SO4
Meas. SO4
NMB
RMSE

PMF Source
Description

Harrow
21 June,
10:00–15:00

0.28± 0.06
1.4± 0.4
−81 %
1.24 µg m−3

17 % NNW moderate Winds and
PBL heights
predicted well

0.15± 0.03
0.94± 0.17
−84 %
0.80 µg m−3

165± 15
199± 31
−17 %
41 pbbv

1.86
1.31
42 %
0.68 µg m−3

“Organic” factor,
South Detroit
origin

Bear Creek
8 July,
10:00–14:20

0.32± 0.10
0.96± 0.23
−67 %
0.66 µg m−3

6 % SW moderate Winds and
PBL heights
predicted well

0.15
0.53−71 %
0.38 µg m−3

194
245
−21 %
53 ppbv

2.3
13.0
83 %
10.6 µg m−3

South Detroit
and Windsor
origin

that the POA emissions were more likely under-represented
than dispersion was over-represented, especially from the
heavily industrialized southern Detroit source region as com-
pared to the more ORM-dominated site in Windsor. An-
other possibility is that the oxidation of intermediate volatile
organic compounds (IVOCs: e.g., long-chain alkanes) may
be occurring during transport to the rural sites and weakly
oxidized early-generation IVOC products may be condens-
ing and then classified as HOA in the PMF analysis. Evi-
dence for HOA factor mass generated from the oxidation of
crude oil evaporative IVOC emissions in the Gulf of Mexico
(e.g., long-chain alkanes) was recently found by de Gouw et
al. (2011).

3.7.2 Intermittent biomass-burning

Table 11 lists two cases when Harrow sampled biomass-
burning-influenced air. The model PM1 POA means were
low, as AURAMS did not account for emissions from
biomass-burning events. The single-particle ATOFMS PMF
analysis on 6 July showed influence from a “biomass-
burning” factor (McGuire et al., 2011). The unit resolu-
tion AMS PMF spectra were ambiguous for the biomass-
burning periods (Slowik et al., 2011) and the factorization

routine did not calculate a unique BBOA factor. However, it
is likely that some non-quantified amount of the HOA is re-
lated to biomass burning as HOA does correlate with acetoni-
trile and potassium (Slowik et al., 2011), which are tracers
for biomass burning (Aiken et al., 2010). HOA also corre-
lates with gaseous aromatics so a mix of influences is likely.
Model comparison with the HOA factor results in NMB val-
ues of−71 % and−94 % for the 7 an 6 July periods, re-
spectively. The mesoscale analysis and high-resolution back
trajectories can be found in the Supplement section (see CS
3a,b). These cases also contributed to the overall model PM1
POA underprediction at Harrow and support the need to in-
clude day-specific biomass burning emissions in AURAMS.

4 Discussion

4.1 Comparison to Other receptor modelling studies

Other receptor-oriented models have been used to estimate
POA contributions to PM2.5. Pachon et al. (2010) compared
four methods to estimate POA and SOA contributions to
long-term filter measurements of PM2.5: BC tracer; regres-
sion; carbon mass balance (CMB); and PMF. In Atlanta over
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Fig. 7.AURAMS (a) PM1 POA surface distribution for 21 June 2007 at 10:00 EST (upper left) and(b) vertical cross section perpendicular to
surface wind direction at Harrow from point A in northeast to point D in southwest (upper right),(c)PM1 POA distribution with superimposed
surface wind vectors for 8 July 2007 at 13 EST at Bear Creek (lower left) and(d) vertical cross section parallel to surface wind direction
from point A in southwest to point D in northeast (lower right).

several years, the CMB method gave the lowest estimate of
the relative contribution of POA (54 %) and PMF gave the
highest (74 %). Williams et al. (2010) performed hourly mea-
surements of source marker species at Riverside, California
during the summer and their PMF analysis showed that pri-
mary contributions to OA were 11 % from fuel combustion,
10 % from food cooking, and 7 % from forest fires. Drey-
fus et al. (2009) used organic molecular composition mea-
surements for an autumn period in Wilmington, Delaware
in a PMF analysis to identify six factors linked to specific
sources (diesel exhaust, road dust, meat cooking) or types

of compounds (alkanes/alkanoic acids, phthalates, PAHs).
For the POA sources,∼1/3 was contributed from fuel com-
bustion (largely diesel) and∼2/3 was from non-combustion
sources (dust, meat cooking). Each of these receptor mod-
eling approaches has its advantages, and overall a weight-
of-evidence assessment using various approaches to source
apportionment is favourable.

The most geographically relevant prior receptor-orientated
analysis was reported by Zhang et al. (2009). They used
monthly measurements of eight individual particle-phase or-
ganic marker species as well as PM2.5 BC and OA mass
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Table 11.Biomass Burning Influence

Date (EST) Model POA
HOA
NMB
RMSE

HOA/OA Winds Meteorology Model BC
Meas. BC
NMB
RMSE

Model CO
Meas. CO
NMB
RMSE

Model SO4
Meas. SO4
NMB
RMSE

PMF Source
Description

Harrow
6 July
09:00–11:30

0.20± 0.04
3.6± 0.2
−94 %
3.4 µg m−3

20 % SE
light

Well predicted,
switched direction
from N to SE

0.15
0.83
−82 %
0.68 µg m−3

201
296
−32 %
104 ppbv

0.59
1.2
−50 %
0.60 µg m−3

“Biomass
Burning”

Harrow
July 7
09:00–14:50

0.48± 0.26
1.7± 0.3
−71 %
1.22 µg m−3

16 % WSW
moderate

Well predicted, back
trajectories originate
from NW
(Northern Michigan)

0.12
0.82
−86 %
0.70 µg m−3

205
182
13 %
69 ppbv

5.4
1.1
403 %
5.8 µg m−3

“Biomass Burning”

over a one-year period in Detroit with PMF analysis to esti-
mate the POA component. Three factors were derived, repre-
senting (1) urban primary sources (food cooking, road dust),
(2) ORM sources, and (3) other combustion sources (coal).
These three POA sources accounted for 57 % of OA mass. In
Detroit, in the summer, POA concentration from ORM com-
bustion was estimated at 0.6 µg m−3 (60 % of POA). This
receptor-based ORM contribution is much larger than the
emissions inventory and processing for the Detroit grid cell
presented in Sect. 3.2 (28 % ORM). Furthermore, our results
for POA bias as a function of HOA mass loading and as a
function of BC/POA ratio point to an under-prediction in mo-
bile emissions, especially diesel. This is also consistent with
the Ying et al. (2007) study, which concluded that BC and
POA levels were underpredicted in Los Angeles due to low
diesel emissions in the California emissions inventory.

In the Zhang et al. (2009) study, at a rural midwestern US
site (Bondville, Illinois), on the other hand, the ORM-source-
dominated factor was negligible compared to the other urban
primary sources (food cooking, road dust) and other combus-
tion sources (coal). Their results are similar to the emissions
inventory percentages for Indiana presented in Sect. 3.1.

4.2 Recommendations for future work

Overall, the methodology of using only four PM chemical
speciation profiles (for ORM, ORAA, minor point and major
point sources) employed in this study to speciate primary PM
emissions resulted in reasonable model performance. The
general trend was for model underprediction at higher mea-
sured HOA, model overestimation at lower measured HOA,
and less biased model results at mean HOA. However, in the
future, modelling specific source plumes for source appor-
tionment studies will require further development and use
of source-specific (SCC-based) PM chemical speciation pro-
files (e.g., POA fractions from coal-combustion vs. natural-
gas-combustion plumes, separation of diesel from gasoline
combustion).

It would be beneficial to design future studies so that addi-
tional chemical mass balance analysis could be performed on
source-specific marker species. This would complement the
PMF analysis done here. Furthermore, it would be enlighten-

ing to perform “tagged” source simulations to compare with
the interpretations from a CMB analysis. Together these fu-
ture studies would help to better characterize the bias for our
case-study periods.

The magnitude of the area POA sources in the US and
Canadian emissions inventories suggests that more effort
should be dedicated to reducing uncertainties in these sources
(food cooking, road and soil dust). Work should also be
done in parallel to continue to develop both improved and
new Canadian spatial and temporal profiles at finer resolu-
tions (e.g., add more road-type spatial surrogates, improve
meat-cooking surrogates for commercial and residential sec-
tors). The combination of (1) higher urban-scale POA and
BC emissions from diesel combustion, (2) more structured
(i.e., less smooth) spatial allocation of area POA emissions in
urban areas (food cooking, road dust), and (3) dynamic POA
evaporation based on volatility would help the model trends
in terms of magnitude and bias from urban to rural scales.
In addition, work should continue with adding day-specific
biomass-burning emissions capabilities.

5 Conclusions

An analysis of the POA emissions inventory for summer con-
ditions in Ontario highlights the diversity of POA sources,
with surprisingly large contributions from ORAA sources
such as food cooking, tractor fuel combustion, and road and
soil dust in addition to the well recognized ORM fuel com-
bustion sources. An analysis of the PM1 POA emissions
for the Detroit/Windsor grid cell (42× 42 km2) showed con-
tributions of 47 % from ORAA sources, 38 % from point
sources, and 15 % from ORM sources. A prior molecular-
marker-based PMF analysis of organic aerosol by Zhang et
al. (2009) for the same area calculated considerably more
ORM contribution for Detroit (60 %). This provided our first
evidence that our model ORM emissions may be underesti-
mated for the Detroit/Windsor air shed.

In the study area, many urban and point emissions lie on
the shorelines of the Great Lakes and the Detroit River. The
influence of mesoscale lake-breeze fronts and circulations on
the dispersion of emissions is very complex in this region in
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the summer and creates a challenge and necessity to model
POA at high resolution in order to capture the spatial struc-
ture of local atmospheric flows. A common flow pattern for
southwestern Ontario in the summer is brisk winds from the
southwest, which results in longer-range transport of air orig-
inating from the U.S Midwest plus superposition of emis-
sions from sources along the shores of Lake Erie. An analy-
sis of the POA emissions inventory was performed for Indi-
ana, a nearby upwind US state for this flow direction, which
showed POA emissions to be dominated by ORAA source
(67 %) and point sources (26 %) and a very small contribu-
tion from ORM sources (7 %). These percentages are similar
to the published estimates by Zhang et al. (2009) for one rural
site in the mid-western US (Bondville, Illinois).

Particle component-based factor analysis was applied to
AMS measurements made during the 2007 BAQS-Met field
study at one urban site (Windsor, ON) and two rural sites
(Harrow and Bear Creek, ON) to derive HOA factors. Co-
located CO, PM2.5 BC, and PM1 SO4 measurements were
also used to evaluate and interpret AURAMS CTM results
along with surface meteorological mesoscale analyses and
high-resolution back trajectories. In Windsor, the nighttime
model PM1 POA mean was considerably higher than the
PM1 HOA mean, with the largest PM1 POA overpredic-
tions occurring in stable model surface layers on calm nights
that resulted in the accumulation of urban POA emissions
in the lowest model grid layer. For Windsor, the model un-
derpredicted PM1 POA levels at higher BC-to-HOA ratios.
This trend provides a second piece of evidence that on-road
diesel emissions, which are rich in BC relative to POA,
may be under-represented in the model emissions. Addi-
tional evidence for this was shown by examining model pre-
dictions for air masses originating from southern Detroit,
which is a heavily industrialized area with extensive use of
diesel trucks. Southern Windsor also includes the major high-
way for diesel trucks travelling to/from one of the busiest
Canada/US border crossings. Work is underway to build new
ORM spatial surrogate fields for Canada based on an updated
version of the Canadian road network with more road classes.

Scatter plots for Windsor also showed a trend of increas-
ing model PM1 POA overprediction at lower HOA concen-
trations and at lower BC-to-HOA ratios. This could result
from inaccuracies in the spatial surrogate fields used to al-
locate area-source emissions in space, with under-weighting
over urban centers, or from the inability of a model with rel-
atively coarse grid spacing to resolve the spatial distribution
of emissions at urban scales. The trend of overprediction at
lower HOA mass concentrations is also consistent with the
need to include the POA evaporation process as proposed by
Robinson et al. (2010).

At the rural Bear Creek supersite, PM1 POA underpredic-
tion was also observed for cases of outflow from the Detroit-
Windsor urban area, whereas there was good agreement in
general at Bear Creek for periods when clean background air
flowed into the study region from the north. Measurement-

derived HOA was also considerably lower at Bear Creek than
at Windsor or Harrow.

Campaign-mean POA statistics were considerably worse
at the rural Harrow supersite than at either Windsor or Bear
Creek. At Harrow, the case studies that were found to con-
tribute to the campaign-mean POA underprediction were:
(1) outflow periods from Detroit-Windsor, (2) transboundary
flow periods from the US Midwest, and (3) biomass-burning
periods. Meteorological influences associated with the fre-
quent lake-breeze conditions likely also contributed to un-
certainties at Harrow, which is situated close to the northwest
shore of Lake Erie.

The good PM1 POA agreement at Windsor and PM1
POA underprediction at Harrow vs. the CO overprediction
at Windsor and good CO agreement at Harrow appears to be
in conflict and is not easy to reconcile. One possible expla-
nation could be an underestimate in the ORAA POA emis-
sions for urban areas (possibly related to less structured spa-
tial surrogate fields used for spatial disaggregation of food
cooking and dust emissions in urban locations) and an under-
representation of urban-scale vertical mixing in the lowest
model layers, especially at night. In addition, the consistent
underprediction of PM2.5 BC at all sites needs to be consid-
ered. Underestimates of vehicle emissions is very likely the
cause of the BC underpredictions.

In summary, this study contributes to the scientific litera-
ture on model evaluation and source attribution by:

– Developing a unique model POA evaluation method-
ology using the positive matrix factorization analysis
from the continuous AMS data. The study is multi-
component in nature and focuses on the evaluation of
three carbonaceous species simultaneously. Model bi-
ases are evaluated in terms of meteorological variables
and indicator ratios of air mass source type. Model bi-
ases for fresh urban, aged urban and biomass burning
case study periods are also calculated and analyzed.

– Results suggest predictions of all three carbonaceous
species can be improved by a combination of: (1) in-
creased vertical mixing at urban scales, (2) more struc-
tured spatial allocation of area PM emissions (e.g. meat
cooking, dust) on urban scales, (3) improved spatial al-
location of on-road mobile emissions with more alloca-
tion on urban streets and less on rural roads, and (4) a
systematic underestimate in the black carbon emission
factor from the mobile emission sector.

– Emission inventory analysis for Detroit/Windsor grid
cell suggests under-weighting of mobile emission con-
tribution compared to other molecular-marker based re-
ceptor modelling studies in the same air shed (Zhang
et al., 2009). Large inventory sources for meat cooking
POA were identified and suggest more effort should be
placed at allocating this source in urban areas.
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– Biomass burning can be an important intermittent
source. This study identifies several case study periods
during BAQS-Met from PMF and identifies the degree
of POA under-prediction.

Appendix A

List of acronyms

a.g.l. above ground level
AMS aerosol mass spectrometer
AQ air quality
ATOFMS Aerosol time of flight mass spectrometer
AURAMS A Unified Regional Air-quality Modelling

System
BAQS-Met Border Air Quality and Meteorology Study
BBOA biomass burning OA
BC black carbon (synonymous with elemental

carbon)
CLBC chemical lateral boundary condition
CM crustal material
CMB carbon mass balance
CO arbon monoxide
CRUISER Canadian Regional and Urban Investiga-

tion System for Environmental Research
CS case study
CTM chemical transport model
EPA Environmental Protection Agency
EST Eastern Standard Time
GEM Global Multiscale Model (Canada’s mete-

orology model)
HOA hydrocarbon-like OA
IVOC intermediate volatile organic compound
LIDAR Light Detection and Ranging
MAAP multi-angle absorption photometer
NEI national emissions inventory
NMB normalized mean bias
OA organic aerosol
OC organic carbon
ON Ontario
OOA oxygenated OA
ORAA off-road and area
ORM on-road mobile
PAHs polycyclic aromatic hydrocarbons
POA primary organic aerosol
PBL planetary boundary layer
PM particulate matter
PM1PM with aerodynamic diameter less than or

equal to 1 µm
PM2.5PM with aerodynamic diameter less than or

equal to 2.5 µm
PMF positive matrix factorization
POA primary organic aerosol
POC primary organic carbon
RMSE root mean square error
SCC source classification category
SMOKE Sparse Matrix Operator Kernel Emissions

processing system
SOA secondary organic aerosol
SO4 sulphate aerosol
UNKN unknown PMF factor

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
8297/2012/acp-12-8297-2012-supplement.pdf.
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