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Abstract. Water soluble inorganic particles components 1 Introduction

(ClI—, SOE(, NO;, and NI—[{) and concentrations of their

associated precursor gases (HCI,»SEINOs, NH3) were ~ Exposure to atmospheric aerosols has been implicated in
semi-continuously measured using the Dionex Gas Particlgnortality from cardio-pulmonary causes (Dockery et al.,
lon Chromatography (GPIC) system. Sampling was con-1993; Pope et al., 1995; Hoek et al., 2002; Pope et al., 2002).
ducted adjacent to a high traffic street in downtown Toronto,Moreover, degradation in visibility (Watson, 2002) and en-
Canada from June 2006 to March 2007. This study evalvironmental damages (Schindler, 1988; Jacobson, 2001;
uated the precision and accuracy of field sampling meaDriscoll et al., 2003) also result from atmospheric aerosols.
surements with the GPIC both relative to filter based mea-These negative consequences may only be addressed once
surements and other co-located semi-continuous instrumentgriations in the chemical composition, size distribution and
(R&P 8400N Nitrate Monitor, APl Fluorescent $@as An-  mixing state of aerosols are better understood. Specifically,
alyzer, and Aerodyne C-ToF-AMS). High temporal resolu- the mass, composition and size of fine particulate matter can
tion PM,5 mass reconstruction is presented by combiningbe influenced by the partitioning of species between the gas
GPIC measured inorganic species concentrations and Sunsand particle phase.

Laboratory OCEC Analyzer determined organics concentra- Two limiting factors in understanding dynamic atmo-
tions. Field sampling results were also examined for seaspheric processes have been the low time resolution as-
sonal and diurnal variations. HNCand particulate nitrate  sociated with many existing aerosol and gaseous chemi-
exhibited diurnal variation and strong partitioning to the gascal characterization instruments and the inability to mea-
phase was observed during the summer. Ammonia and pasure chemical components in both the gaseous and partic-
ticulate ammonium also demonstrated seasonal differenceslate phases simultaneously. Instrument measurement inad-
in their diurnal profiles. However, particulate sulphate andequacies prompted the first objective of this study: commis-
SO, showed no diurnal variation regardless of season sugsioning the semi-continuous Dionex Gas Particle lon Chro-
gesting dominant transport from regional sources throughoumatography (GPIC) system. The GPIC simultaneously mea-
the year. sured bulk concentrations of ambient water soluble inorganic
species in particulate matter with an aerodynamic diameter
smaller than 2.xm (PMys5) and the associated precursor
gases with a fifteen minute time resolution. A number of
additional semi-continuous instruments, including an R&P
Tapered Element Oscillating Microbalance (TEOM), R&P
8400N Nitrate Monitor, APl S@Analyzer and Aerodyne C-

Correspondence tdG. J. Evans ToF-AMS, were deployed along side of the GPIC to evaluate
BY (greg.evans@utoronto.ca) this recently developed instrument.
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(pNO3), particulate ammoniump(NH;), HCl), SOxg),
HNO3(), and NHg. Each of the gas phase and particu-
late phase constituents were independently analyzed on two
separate channels each sampling at 5 Lthioperating with
15min time resolution. The gas channel sampled ambient
air via a 0.6 cm diameter, 3m long piece of Teflon tubing
while the particle channel employed 0.9 cm diameter stain-
less steel tubing of the same length for sampling. The use
of Teflon lines for gas species sampling was to minimize the
loss rate of HNQ@ which is known to readily adsorb onto
many sampling inlet materials. All sampling lines were lo-
cated indoors where a temperature of@3vas maintained;

Fig. 1. Detailed map of downtown Toronto highlighting the Gage increased HN@ adsorption to Teflon inlet tubing has been
Building sampling locatiorfA), the Wallberg Building sit¢B), and noted to occur at temperatures below CQNeuman et al.,

the Ontario Ministry of the Environment (MoE) downtown sam- 1999).

pling location(C). On the particle channel, the air stream passed through a
PM> 5 sharp cut cyclone prior to introduction into the etched
plexiglass parallel plate wet denuder (PPWD). A 0.5mM

The second objective of this paper was to use GPIC meag, o, solution wetted the denuder and served to collect sol-
surements to better understand temporal fluctuations in thg o gaseous constituents from the ambient air. All liquid

chemical composition observed for urban aerosols and theifi, was controlled using an eight channel peristaltic pump.
precursor gases. Focus was given to studying the diurnal an@;as species dissolved in the diluta® solution were col-

episodic variation of inorganic species within and betweenigcteq from the denuder and sent to waste. Gas denuded air
Seasons. was then routed to a plexiglass air-tight particle collector ves-
sel (PC), which was outfitted with a polytetrafluoroethylene
(PTFE) filter located at the exit of the chamber. This hy-
drophobic filter prevented particles from leaving the PC and
aided in the process of capturing soluble particulate matter.
An 18.2 MQ dionized water stream was injected into the high

This study sampled air collected from downtown Toronto, Velocity sample air flow path in the PC. Upon entrance into
Ontario, Canada in the University of Toronto’s Wallberg the coIIectlo_n vessel the water fqrmed af_lne mist. _Any water
Building located at latitude 43.66 N and longitude 79.40 w Seluble particulate matter was dissolved into solution. Nega-
(Fig. 1). The Wallberg Building is situated on the north side tive artifacts, due, for example, to evaporation after sampling,
of College Street, which experiences weekday traffic of aboutVere minimized since the volatile aerosol species were con-
33000 vehicles per day, a volume representative of traffic orfinuously being dissolved. Mist quickly accumulated in the
many major streets in downtown Toronto. The sampling inletPC causing the water droplets to coalesce due to the cham-

was approximately 15m from College Street and 5m above?er’s high humidity. The base of the PC was conical allowing
the ground. for the liquid to be easily aspirated from the bottom of this

Filter. denuder and TEOM measurements used for Com_reflux—condenser—like vessel. Once extracted from the PC,

parison were collected on the roof top of the three story Gag&@mpenents within the dissolved particulates were routed
building located approximately 170 m west of the Wallberg into a series of cation anq anion co'ncentrator columns for
Building sampling site. A second TEOM operated by the conductivity and IC analysis, respectively.

Ontario Ministry of the Environment (MoE) was situated at  Cation concentrators were eluted with a 15 mM NaOH so-
the high traffic intersection of Bay and Wellesley Streets with 'ution. Liquid subsequently passed through a porous mem-
an inlet 10m above ground, approximately 875m from thebrane device (PMD) (Dionex, CRD-200). A concentration

2 Experimental

2.1 Sampling site

Wallberg Building sampling site. gradient was the acting driving force behind this shell and
tube like exchanger; any NHn the concentrated alkaline
2.2 Sampling methods sample passed through the PMD shell diffusing into the in-

ner stream. The high purity water, which was flowed through
2.2.1 Gas Particle lon Chromatography (GPIC) system the inner PMD tubing, served to hydrolyze the collectecsNH

back into NH;. Flow was then routed through a conductiv-
The GPIC system was used to obtain semi-continuous meaity detector (Dionex, CD25A) providing a measure of the to-
surement of soluble gaseous and particulate phase species & ammonium content. The anion concentrators were eluted
multaneously. Monitored species included particulate chlo-with 20.5mM KOH and then pumped (GS50) into the ion
ride (pCl™), particulate squhatep@Oﬁ‘), particulate nitrate  chromatography system (Dionex, ICS-2000) for analysis of
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the remaining species. Once in the dissolved anion formdichotomous particulate samplers (Dichot) and with the R&P
particles were routed into the anion guard column (AG11-Partisol Model 2300 Speciation samplers (Partisol) once ev-
HC, 2x50mm) and then the separator column (AS11-HC, ery three days (Rupprecht & Patashnick Co., Inc.,). The di-
2x250mm), both of which were heated in an oven main- chotomous particulate sampler was operated at a total flow
tained at 39C. Following these columns, the sample solution rate of 16.7 L mirr! which was split between two channels:
passed through an ASRS-Ultra 52 mA suppressor and 2 mnPMy 5 and coarse PM (Plk_10). Two separate mass flow
carbonate removal device (Dionex, CRD) prior to enteringcontrollers maintained the flow rates of the fine and coarse
the thermally stabilized conductivity cell. The system usedparticle stream at 15L mint and 1.7 L mirr?, respectively.
electrodialytically generated (EG40) 20.5 mM KOH mobile The Partisol speciation sampler was comprised of three dis-
phase. It should be noted that the GPIC system was modtinct Harvard designed Chemcofizartridges (A, B, and C)
ified from its original form to function with the additional connected to a low volume air sampler operating with a to-
post suppressor CRDs to minimize the magnitude of the cartal flow rate of 30 L mim®. Each channel maintained a flow
bonate in the sample stream, consequentially reducing intefrate of 10 L min®. Aluminum inlets were used on cartridges
ference with sulphate and nitrate peaks. This enhanced peak and B while a Teflon inlet was installed on cartridge C.
resolution also improved detection limits for the nitrate and The Chemcomb cartridge A contained pre-fired quartz fiber
sulphate related atmospheric gases and particle componenfiger for collecting PM 5 for the analysis of elemental car-
measured on the IC system. bon (EC) and organic carbon (OC). Cartridge B contained a
The air stream in the gas channel was directly introducedTeflon filter and a backup pre-fired quartz filter in series. The
into another PPWD which collected soluble gases in a weakTeflon filter was analyzed for PM and archived for other
H>0> solution. The peroxide solution, now containing dis- analyses. The backup quartz fiber filter samples particle-
solved gas species, was drained from the denuder and theffree ambient air and provided an estimate the amount of
sent to a series of cation and anion concentrator columns fogaseous organic species adsorbed on the quartz fiber filter
subsequent analysis identical to that on the particle side.  (Cartridge A). The cartridge C had two honeycomb glass de-
A computer using Dionex Chromeleon Software was con-nuders placed upstream of two filter packs with Teflon and
nected to the GPIC system and allowed continuously aunylon filters. A NaCOs-coated denuder was used for col-
tomated valve control in 15min intervals. This software lection of acid gases (HN§)HNO,, SGy) and a citric acid-
package was also used to collect both conductivity deteceoated denuder was used for collection of ammonia. The
tor signals and the ion chromatography output. The limitsTeflon filter was used for the collection of PM for the anal-
of detections were established as 100 ngrfor all parti- ysis of water-soluble anions and cations, and water-soluble
cle anion species, 25ngmh for all gas anion species and trace metals. The volatile nitrate that was released from the
100ngnT3 for both gas and particle cation constituents. Teflon filter was captured by the nylon backup filter.
Further details regarding this instrument’s design have been
previously described by Al Horr et al. (2003) and Ullah PM mass was determined by weighing all Teflon fil-
et al. (2006). The measurement uncertainty for individualters, before and after sampling, at controlled temperature
GPIC species was determined over a period of stable op(23+3°C) and relative humidity (455%) with a Mettler 5
erating conditions and concentrations. As the magnitudeMicrobalance (1gg readability; MT-5, Mettler-Toledo Inc.,
of sampled component concentrations governs the assocHighstown, NJ), after the filters (samples and blanks) had
ated uncertainty, it is useful to note that these uncertainacclimatized to these conditions for at least 24h. The de-
ties were determined for blank samples of high purity wa-tection limit for gravimetric measurements was @@m=3
ter with much lower ionic content than typical ambient sam- which represented 1 to 2% of mean aerosol mass. Exposed
ples. Hence these blanks samples provided an upper estjjuartz fiber filters were analyzed for OC and EC content us-
mate of the uncertainty. For GPIC particulate species théng a DRI Model 2001 Thermal/Optical Carbon Analyzer
measurement reproducibility was found to pE€l~=8%, (Atmoslytic Inc Calabasas, CA). In this study, the Intera-
psoflfzg%, pNO;=11%, pNHX:lS% and the following gency Monitoring of Protected Visual Environments ther-
for gas phase compounds: HCI=6%, £6%, HNO;=10%, mal/optical reflectance protocol (Chow, 2001) was used. A
and NH;=5%. The number of samples included for each un-total carbon loading of less than 8C cnt2 in the ana-
certainty calculation ranged between 75 to 192 replicates. lyzer oven was achieved prior to field sample analysis. In ad-
dition, before analyzing a sample batch, the instrument was
2.2.2 NAPS sample collection and analysis calibrated for CH or CO,. EC and OC concentrations were
determined to have a detection limit of 140 and 610 ngm
Integrated 24 h ambient aerosol samples, acid gases §HNOrespectively. The uncertainty for OC was determined to be
HNOy, SO&) and ammonia were collected on the rooftop of 20% and 30% for EC. lon chromatography analysis was
the Gage Building in Toronto, one of the National Air Pol- used to determine the soluble ion contents of the various ex-
lution Surveillance (NAPS) sites. All PM samples were col- tracts applying a dual-channel Dionex DX-500 and/or DX-
lected in parallel with R&P Partisol-Plus 2025-D sequential 600 and/or ICS-3000 (Dionex, Sunnyvale, CA, USA) ion
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chromatographs. Each channel operated a self-regeneratirdyuced to ambient conditions and purged of helium before the
SRS-ULTRA suppressor with internal DDW regeneration commencement of the second stage. Oxygen was then intro-
mode, a CD20 conductivity detector, and a GP50 gradientuced into the system and temperatures were increased to a
pump. For the water-soluble cations in extracts of Teflonmaximum of 850C so that remaining carbonaceous content
filters (Cartridge C) and ammonium in the extracts of citric (BC) of the collected bulk aerosol could be quantified (Chow
acid-coated denuders, lonPac CS-12 analytical columns witlet al., 2005).
methanesulfonic acid as eluent were used. Water-soluble an- In addition to thermal measurements of EC and OC con-
ions in the extracts of Teflon filters (Cartridge C) were ana-centrations, this Sunset instrument also used optical meth-
lyzed using lonPacAS15 column. For the anions in extractsods to correct thermal measurements. Although OC char-
of nylon filters and carbonate-coated denuders, a Dionexfing should be avoided in non-oxidizing environments, losses
AS4A column was used with carbonate/bicarbonate eluentare still possible given the operating oven temperatures. By
NIST-traceable calibration standards were run prior to fieldtransmitting the beam of a laser through the collected aerosol
sample analysis and every 10 to 15 samples. Anions andample, the intensity of light transmitted or reflected at each
cations were found to have detection limits in the range of 2stage of thermal analysis was used to quantify the amount
to 30 ngnT2 and 1 to 6 ng m3, respectively. Uncertainty for of OC charred: As OC became increasingly charred light
sulphate, nitrate and ammonium were in the order of 10%. absorption was enhanced, attenuating transmission. BC
volatilization, occurring mostly in the second stage heating
2.2.3 R&P TEOM monitor phase, increased laser transmission. (It is reasonable to ex-
pect some BC volatilization will occur prior to the second
Total PMps mass concentrations were measured using astage heating phase as the temperature at which this species
TEOM (Model 1400A, Rupprecht & Patashnick Co. Inc.) evolves is dependent on the aerosol’'s chemical compositions
with five minute resolution. As the mass collected on theand a number of other factors (Reid et al., 1998), though
TEOM filter was very sensitive to ambient water vapour first stage volatilization is minor as compared to second stage
concentrations, the ambient air inlet stream was heatedolatilization). Using this optical detection method, the Sun-
to 30 or 50C to eliminate the effect of water associated set Laboratory OCEC instrument is able to correct for char-
with hygroscopic particles (Patashnick and Rupprecht, 1991ring and first stage volatilization of BC, providing a better
Mignacca and Stubbs, 1999). The heated inlet howevergstimate the true concentration of each type of carbonaceous
causes volatilization losses pNO; and OC (Wilson etal., aerosol present in the sample and minimize errors from sam-
2006). Additional details are discussed in Sect. 3.1.3. Thispling processing.
study employed the use of two TEOMSs: one run by Envi- The uncertainty for EC and OC measurements by the Sun-
ronment Canada on the rooftop of the Gage Building(30 set OCEC was determined to be 4% and 8%, respectively.
heater temperature) and the second operated by the Ontarfdhow et al. (2005) provides an in depth discussion of this
Ministry of the Environment with a 5@ heated inlet at an- instrument’s operating philosophy. The Sunset Labs OCEC

other downtown location. was located in the Wallberg Building laboratory.
2.2.4 Sunset Laboratory Semi-Continuous OCEC 2.2.5 API fluorescent Sfgas analyzer
Analyzer

Five minute averaged ambient $@as samples were col-

The Sunset Laboratory OCEC Analyzer collectedRMn Iecte_d at the Wallberg Building sampling site using this API
a quartz fibre filter in an oven at a flow rate of 8Lmirfor ~ SC2 instrument (Model 100A).

a period of 108 min per sgmple. Foll'owmg the completion of %.2.6 R&P 8400N Nitrate Analyzer

the aerosol sampling period, deposited particles were heate

in the quartz oven where elemental and organic carbon conrne ampient Particulate Nitrate Monitor (Model 8400N,
centrations were individually quantified. EC and OC con- Rupprecht and Patashnick Co. Inc.) sampled air through
centrations were measured using thermal methods: particleg PMbs impactor which was then heated to 380 This

were heated in the quartz oven to oxidize the carbon aerosqbmperature was adequately high to volatilize all collected
into CO, which was measured using a Non-Dispersive In- nitrate, causing decomposition into N@vhich was ana-

frared detection system. Heating was conducted in vari0u§yzed using the API chemiluminescent N@nalyzer (Model
staged temperatures, each volatizing different carbonaceougy A) in 15 min averaged intervals.

components. The first stage raised ambient temperatures to

a maximum of 840C and introduced pure helium gas into 2.2.7 Aerodyne C-ToF-AMS

the oven in an effort to minimize the amount of black car-

bon (BC), also known as EC, oxidation while enhancing OCAn Aerodyne Compact Time of Flight Mass Spectrometer
volatilization (Chow et al., 2005). Measured carbon during (C-ToF-AMS) (Aerodyne Research Inc., Billerica, MA) de-
this stage was classified as OC. The oven temperature was reloyed at the Wallberg Building sampling site in January and
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February 2007. This instrument determined the size-resolvediscrepancy inherent in the GPIC design, relating to the fixed
non-refractory chemical composition of particles with sub- volume loop used for calibration was identified (Yao et al.,
micron vacuum aerodynamic diameter (P particulates  2008). This error caused a systematic 30% negative artifact
with an aerodynamic diameter of less thamrh) with 1 min in the GPIC concentrations results. Hence the difference be-
time resolution. This instrument has been previously de-tween the GPIC and filter samples was eventually identified
scribed by Drewnick et al. (2005). and accounted for.
To address the difference between the GPIC and NAPS
results, NAPS Patrtisol filter measurements were selected as

3 Results and discussion the basis for correcting the particulate mass concentrations.
Given that the filter sampling methodology had been de-
3.1 GPIC data evaluation signed to minimize losses by volatilization species, specif-

ically nitrate, it was reasonable to use the filters as a ba-
3.1.1 GPIC comparison with NAPS filter measurements  sjs for semi-continuous instrument evaluation and calibra-

tion. Raw GPIC particulate concentrations were calibrated
Inorganic particulate and gas concentrations generated by thggainst the Gage Partisol filter particulate measurements on
GPIC were compared with these 24 h Pd/Partisol and Di- 3 month by month basis in an effort to obtain more accurate
chot filter and denuder samples collected by the NAPS protemporally resolved GPIC results. The final recoveries for
gram on the roof of the Gage Building. The proximity of the p802 pNO3, pNH} were 98% £=0.93), 100% £=0.93),
Gage BUIIdlng Suggested similar ambient air Concentratlongg7% (r=0.94), respectively. The total propagated uncertainty
and previous study have indicated that the two sampling l0-associated with these particulate GPIC results calibrated with
cations yielded similar inorganic particulate measurementgJAPS filter measurements are 13, 15, and 16%p1502‘
upon comparison (Tsai, 2002). pNO;, andpNH;, respectively.

GPIC fifteen minute particulate measurements were aver-
aged to a 24 h basis comparable to the NAPS filters’ reso3.1.2 GPIC comparison with NAPS denuder measurements
lution. At least 75% of the fifteen minute GPIC measure-
ments were required for a daily average to be consideredimilarly to the GPIC particle channel measurements, all the
valid. For the entire campaign duration, raw GPIC particulatefifteen minute data was averaged to a 24 h basis while imple-
measurements were less than inorganic concentrations givementing the same criteria for validating averaged results as
by the corresponding filter data: overall linear regressionsfor the particulate channel. Again the NAPS denuder mea-
between raw GPIC particulate averaged measurements arglirements for HN@ NH3z and SQ gases were assumed to
NAPS Partisol filter measurements indicated a slope of 0.45be accurate and the GPIC concentrations were calibrated to
0.41, and 0.49g m~3)gpid/(11g M~3)Gage FiterfOr sulphate,  these standards. Comparison of the denuder and GPIC con-
nitrate and ammonium concentrations, respectively. How-centrations indicated an overprediction by the GPIC fosNH
ever, good GPIC- NAPS Partisol filter temporal agreementand SQ measurements and underprediction for HNGver-
was indicated by high Pearson r values of 0.93 (sulphateall linear regression slopes and corresponding Pearsah
N=76), 0.86 (nitrate N=77) and 0.85 (ammoniuniy=68) ues of 0.25£=0.76,N=39), 1.43 {=0.83,N=56), and 1.42
for each regression. (r=0.97, N=70) ((ug M 3)epid/(1d M >)Gage Denuder Were
Consistency between the three main particle phase specidsund for HNG;, NH3 and SQ, respectively. The high

and low month-to-month variation between the two mea-Pearson values showed the strong temporal consistency be-
surement methods suggested a systematic bias. Non-uniiveen the two sets of measurements. Significant in-leakage
GPIC/NAPS Partisol filter ratios for all inorganic compo- of lab air (54%) was found at the end of the study on the
nents of interest suggested incomplete particle collectiongas channel. However, there was no reason to suspect that
air flow leakage, low flow rate, or line losses in the semi- the indoor lab air had higher concentrations of Nithd SG
continuous instrument. The possibility of low flow in the than the outside air. Consequently it was not clear why this
GPIC itself as the cause was eliminated as the mass flovin-leakage could cause the Nidnd SQ species to be over-
rates were verified intermittently throughout the sampling predicted. HNQ line losses likely contributed to low GPIC
with an independent flow meter. The reason for the non-measurements for this species. Losses may have occurred
unit GPIC/NAPS Partisol filter ratios could not fully be de- along the walls of the inlet sample air tubing and any wa-
termined during the study as the issue was only identifiedter droplets accumulated in the inlet line may have caused
at the end of the sampling period, once the filter results befurther losses. Furthermore, comparison of nitric acid mea-
came available. However, in-leakage of air due to incompletesurements made at other locations to this study indicated that
seals in the sampling lines upstream of the particle trap in thehe GPIC concentrations were lower than those typically ob-
GPIC was one issue that was identified. This problem causederved (Hering et al., 1988; Boring et al., 2002; Huang et al.,
a 20-30% negative artifact that was aggravated by frequen2002; Fischer et al., 2006; Lin et al., 2006; Morino et al.,
maintenance-related disconnections. In a follow-up study, &2006; Ullah et al., 2006).
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For the gaseous species, the ratio of the GPIC to NAPS
concentrations did not show as much month to month vari- B MoE TEOM 0 Gage TEOM
ability as the particle channel. Hence the GPIC-NAPS de- |
nuder calibrations were made based on two seasonal linea
correlations: Summer—Fall (June 2006 to December 2006)
and Winter (January 2007 to March 2007). GPIC cali-
bration with seasonal denuder measurements yielded fina
relationships of: y=1.0x (+=0.9, N=70), y=1.0x (r=0.61,
N=35), andy=1.1x (»=0.81, N=56) for SGQ, HNOs, and
NH3 respectivelyThese calibrated gas phase GPIC results ~ °°
have propagated measurement uncertainties of 12, 14 an
11% for SGQ, HNOs, and NH, respectively.

N
o

N

Dichot Filter Mass / TEOM Mass
N o

o
o

Mar-06
Apr-06
May-06
Jun-06
Jul-06
Aug-06
Sep-06
Oct-06
Nov-06
Dec-06
Jan-07
Feb-07
Mar-07

Fig. 2. Ratio of mass concentration measured by the NAPS Dichot
3.1.3 Mass closure study Filter to the mass concentration measured by the TEOM for both the
downtown Ministry of the Environment (MoE) and Gage Building

PMz.5 mass in Toronto is composed of the major secondarysampling sites. Standard deviation for each TEOM ratio is indicated
inorganic species, including sulphate, nitrate, and ammoby the error bars.
nium, and organic matter and elemental carbon. Crustal ele-
ments and other inorganic species have been reported to ac-
count for the remaining P mass (approximately 80%) on tor was expected to have a seasonal dependence; however,
an annual basis in Toronto (Brook et al., 1999a). As a furtherthe degree to which the relative amounts of primary and sec-
verification of the accuracy of the GPIC measurements, thedondary organic carbon varied between seasons was unknown
particulate mass was reconstructed using the inorganic GPI@nd thus a constant conversion ratio was employed.
particulate measurements and EC and OC mass concentra-To evaluate both the Gage and MoE TEOM semi-
tions made by the Sunset Laboratories OCEC instrumentcontinuous mass measurements, a comparison was con-
both co-located in the Wallberg Building for the months of ducted with 24 h NAPS Dichot filter mass data. Lower M
July 2006 and October 2006 to January 2007. mass measurements were made by both TEOM instruments

Measurements collected by the Sunset Laboratory OCEGs compared to the NAPS Dichot filter mass. Furthermore,
Analyzer included OC and EC which were both validated high particulate mass concentrations were more seriously un-
against 24 h NAPS Partisol filter results in a separate studyderpredicted by both TEOMSs. It is possible that episodic
A recovery of 0.71 for Sunset OCEC’s OC measurements tosalues influenced this divergence given that the mean differ-
filter results was found with an associated Pearse®73.  ence between the NAPS Dichot and each of the TEOMs was
Loss of semi-volatile organic species during sampling maygreater than the median concentration difference. Underpre-
have caused a negative artifact in the Sunset OCEC resultsliction of PM mass concentrations by TEOMs has been well
Conversely, condensation of semi-volatile organic carbondocumented (Allen et al., 1997; Ayers et al., 1999; Green
overnight on the particulate matter already collected on theet al., 2001; Charron et al., 2004); the heated inlets of this
filters may have created a positive artifact for the NAPS Par-nstrument act as an effective denuder, removing all semi-
tisol results. Comparison of the EC measured by the Sunsetolatile compounds (in particular ammonium nitrate and OC)
OCEC to the Partisol filter EC resulted in a slope of 1.08, from the PM sample. Wilson et al. (2006) have further noted
Pearsom=0.58. that semi-volatile compounds losses by the TEOM is a func-

On average for this period, the major inorganic speciestion of meteorological conditions; cold and humid condi-
represented 62% of the total reconstructed mass and carbontons better stabilize ammonium nitrate and OC, minimizing
ceous compounds accounted 26%. It should be recalled thatEOM PM mass concentration underestimation. Although
all the inorganic GPIC concentrations used in the mass cloTEOMs suffer from semi-volatile material losses, it is also
sure study were corrected against the monthly NAPS filterpertinent to recall that gravimetric filter measurements may
measurements as previously described. Total reconstructe@lso experience losses of ammonium nitrate and OC ranging
PM,5 mass from the Wallberg Building GPIC and OCEC from less than 10% to greater than 50% (Wilson et al., 2006).
instrument measurements were compared to both the Gage Individual monthly comparisons between each TEOM and
and Ministry of the Environment Downtown TEOMs. Suc- the NAPS Dichot filter further elucidated the discrepancy
cessful comparison between the semi-continuous and filternoted between the two measurement techniques (Fig. 2).
based measurement techniques required the Sunset OCECTE0OM mass concentrations illustrated maximum underpre-
organic carbon results to be converted to an organic masdictions in the winter months and showed approximately
(OM) concentration. A factor of 1.4 was used to account for equivalent measurements to the NAPS Dichot mass filters
the contribution of elements other than carbon to this mas&luring the summer. As the Partisol mass filter measurements
(Watson, 2002; Harrison et al., 2003). This conversion fac-were taken as the standard for evaluating the semi-continuous
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measurement techniques, all semi-continuous TEOM mas: 60 _
concentrations were calibrated to the NAPS Dichot measure: g T:1Lline .7
ments on a month to month basis. < 50 4 |y=1.55x :

The cause for this winter TEOM underprediction was 2 r=083| =«
likely increased loss of semi-volatile species induced by the i» . 401
instrument’s heated air stream: as the contribution of semi- E "’E 30 |
volatile species to the total particulate mass increased atthi y o
colder ambient temperatures, more particulate semi-volatile = = 20 |
species removal would have occurred (Table 1). Hence, the &
magnitude of the TEOM mass underprediction was a func- = 10 - y=0.79x
tion of particle composition, if all other factors are consid- m r=087 A
ered to be equal: as nitrate production was thermodynam: = 0 ‘
ically favoured at lower temperatures, the highest particu- 0 20 40 60
late nitrate concentrations were measured during the wintel Raw MoE TEOM PM, 5 (ug m™)

months. Elevated ambient relative humidity may have also
contributed to increased differences between the two mas:
measurement methods as ambient relative humidity controls
particle liquid water content and therefore the partitioning of
semi-volatile species such as nitrate. Measured particulate
nitrate was assumed to all be in the form of ammonium ni-
trate.

The TEOM experienced maximum particulate loss dur-
ing the winter which corresponds to the standard NAPS Di-
chot mass filter trends and peak concentrations of volatile ni-
trate species. Least square linear regressions were conducte
between the PMs mass reconstructed from the GPIC and 0 _
Sunset OCEC measurements and (1) calibrated and (2) ra 0 20 40 60
TEOM results for the months of November 2006 to March -3
2007. These months were associated with the greatest contr.- Raw Gage TEOM PM.5 (g m")
bution of ammonium nitrate to the total Wallberg P¥mass
measurement. Figure 3 was used to evaluate if the deviaFig. 3. November 2006 to March 2007, 2 h resolution least square
tions of the TEOM measurements from the NAPS Dichot fil- regressions between raw Ministry of the Environment (M)
ter were approximately equivalent to the mass of ammoniumgnd Gage BuildingB) TEOM measurements and reconstructed
nitrate present within the particulates. The linear relation-PMz25 mass (grey squares) and reconstructecb Bvhass minus
ship established between the reconstructed PMass and  the NHuNOg mass (black triangles) as measured by the GPIC and
raw TEOM PM 5 measurements was=1.55¢ andy=1.57 OCEC at the Wallberg BuildingY(=566).
for the MoE and Gage, respectively (Fig. 3a and b). With a
slope greater than 1, raw TEOM values underpredicted the
reconstructed mass from the Wallberg measurements whicthe extent of semi-volatile mass loss; a temperature 8€30
only included major secondary inorganic and carbonaceoushould, in theory, have been sufficient to volatilize all the
species, excluding the inorganic soil species which was estiammonium nitrate.
mated to account for approximately a further 8% of the total Comparison of the calibrated TEOM MoE and Gage
Toronto PM s mass (Brook et al., 1999a). Subtraction of data with reconstructed GPIC and OCEC Wallberg Building
the ammonium nitrate mass from the reconstructed Wallberd®M, 5 mass concentrations for the entire study period yielded
PM,. 5 mass yielded a significant reduction in the previously a relationshipy=0.93c and y=0.95¢, respectively (Fig. 4).
described slopes yielding values of about 0.8. The differencéexcluded inorganic soil compounds possibly accounted for
between the TEOM and NAPS Dichot filter mass measure-the non-unit slope in addition to instrument measurement er-
ments were attributed to partial volatilization of nitrate in the rors. However, correlation of the filter mass measurements
heated inlet air stream. It is worth noting that subtracting thefor the NAPS 24 h Partisoly] and Dichot §) filters also
ammonium nitrate slightly improved the correlation betweengave a slope of 0.95 (Pearson0.93). The propagated total
the Wallberg PM5 results and the TEOM measurements, measurement uncertainties on average for the reconstructed
suggesting that the day to day variation in the/NKD3 mass ~ Walberg Building and NAPS 24 h Partisol BM mass con-
contributed to the variation in accuracy of the TEOM mea- centrations were 12% and 18%, respectively. Hence the 5%
surements. Furthermore, the different temperatures used idifference was also within the range of the experimental er-
the two TEOMs did not cause significant dissimilarities in ror.

(ug m?)

B PM2.5, WB PM2.5s - NH4NOs
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Table 1. Mean monthly temperatures and Gage TEOM concentrations presented in conjunction with the percentage of volatile species in the
reconstructed Plls mass by the GPIC and Sunset OCEC measurements in the Wallberg Building (WB).

% \olatile Species of Mean Temp Mean Gage TEOM

WB PMy 5 Mass ¢SD) (°C) (min, max) g m=3) (min, max)
July 2006 4.63.6 23.7 (13.7,34.1) 14.1 (0.1, 60.4)
October 2006 2813 9.8 (1.9, 23.7) 5.3 (0, 38.3)
November 2006 3913 6.5 0.2, 15.2) 8.3 (0, 40.5)
December 2006 5417 3(10.9,14) 5.2(0,19.4)
January 2007 4%15 —1.5(-15.9,11.8) 4.7 (0,67.7)
February 2007 5516 —6.5(-17.8,6.2) 5.8 (0.1, 21.9)
March 2007 5613 1.7 (-20.6, 16.7) 6.3 (0.1, 66.5)

SD: Standard Deviation

SO, Analyzer measurements in the Wallberg Building for the
entire sampling period: June 2006 to March 2007. Further
intercomparison for all particulate species was conducted be-
tween the GPIC and C-ToF-AMS measurements for the pe-
riod of 22 January 2007 to 4 February 2007.

(2]
o

A 11 L|—r?(_a‘,_—'

g
H )]
o o
I I
b

w
o
1

3.2.1 API SQ Analyzer comparison

Total Wallberg PM2.5 (ug m™)

20 ~
10 y= 0.93x .
=075 Analysis of the APl S@ Analyzer and GPIC results sug-
0 ‘ ‘ i gested that the former consistently overpredicteg S@n-
0 20 40 60 centrations: when the entire sampling period was considered

(N=5345), linear regression yielded a slope and associated
95% confidence interval of 1.370.01 (ppb)pi/(ppb)spic.
60 ] Strong temporal agreement (Pearsef.87) was identified
11 Line .- between the two measurement technigues based on a com-
parison of the entire sampling period. However this slope of
-, 1.37 indicated that the APl SQAnalyzer would have agreed
well with the original uncalibrated GPIC S@oncentrations
and hence that correcting the GPIC S@ata based on the
NAPS denuders may actually have altered potentially more
accurate values. The API $@nalyzer offset measurements
y=0.95x by 0.59:0.01 ppb as compared to the GPIC S¢dncentra-
tions which was at least in part due to APl S@nalyzer
calibration challenges. It is worth noting that full calibra-
tions were conducted on this instrument prior to the sampling
collection period on 22 October 2005 and afterwards in July
2007. However some drift was observed between these two

Calibrated MoE TEOM PM, 5 (ug m™)

Total Wallberg PMzs (ug m™)
w
o

0 20 40 60
Calibrated Gage TEOM PM, 5 (ug m'3)

Fig. 4. Comparative analysis of the reconstructed FVmass  yates
as measured by the GPIC and OCEC instruments in the Wallberg

Building to the Ministry of the Environment (MoEA) and Gage . .
Building (B) TEOMs for the entire study period: July 2006 to 5-2-2 R&P 8400N Nitrate Analyzer comparison

March 2007 (V=722).
v ) Comparison of the co-located R&P 8400N Nitrate An-

alyzer and the GPIC in the Wallberg Building showed
3.2 Semi-continuous inter-instrument comparison an overall good correlation between the two measure-
ment techniques: 8400N versus GPIC regression4099)
To further verify the GPIC system was successfully mea-yielded a slope and associated 95% confidence interval of
suring gaseous and aerosol species, particulate nitrate ar@83+0.03 (g M 3)rep ga00N(4g M 3)Gpic With an inter-
gaseous S@values from the GPIC were compared with co- cept of 0.32:0.11,.g m~3 (Pearsonr=0.86) and a recovery
located R&P 8400N Nitrate Analyzer and API Fluorescent slope of 0.89. However, upon examination of the individual
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Table 2. Intercomparison of studies between GPIC, Particle Into Liquid Samples (PILS), and Partisol 24h Filter nitrate measure-
ment against the R&P 8400N Nitrate Analyzer at rural and urban centres in the United States. All presented slopes have units of

(g M 3)Rep 8400N(149 M) other Instrument

Site Slope Intercept Pearseivalue N Min, Max (g m~3)  Sampling Period Sampling Resolution

Hogrefe et al., 2004

8400 vs. PILS Whiteface Mountain, NY  0.49 0.13 0.81 16 0.1,0.5 July 2002—-August 2002 1h

8400 vs. PILS Queens, NY 0.57 0.18 0.95 285 0.2,84 July 2001-August 2001 1h

Rattigan et al., 2006

8400 vs. Partisol FiltepNO;  Whiteface Mountain, NY  0.73 0.01 0.95 ~240 0.2,2.7 July 2002—July 2005 24h

8400 vs. Partisol FiltepNO5  South Bronx, NY 0.59 0.28 0.94 ~240 0.2,135 July 2002—-July 2005 24h

Wittig et al., 2004

8400 vs. Partisol FiltepNO3  Pittsburg, PA 0.83 0.2 0.92 ~240 0.2,6 July 2001-March 2002 24h

Grover et al., 2006

8400 vs. GPIC Fresno, CA 0.55 1.4 0.87 493 0.1, 25 December 2003 15min

Long and McClenny, 2006

8400 vs. GPIC Rubidoux, CA 0.78 0.8 0.93 480 0.1, 24 July 2003 15min
N: Sample Size

g ;Gplwcs\ow T | ‘?g N 7\@5‘(:\'\]";[9\ L P L L P L P

T 57 — API'SO, Analyzer 2" | — R&P 8400N A s

2 ? E 5 6

£ 104 5 ° [

CEO“‘T\—WQ'%H‘%”“(‘“‘(‘T—‘J‘\"‘rw‘ﬂ'?ﬁ{ﬁ g«o e A e e e T

® 1120 1124 1/28 21 2/5 29 213 217 e 7128 8/1 8/5 8/9 8/13 817 8/21 8/25 8/29

Fig. 5. Semi-continuous, 1h resolution, $@as concentrations
measured by the GPIC and API Fluorescenb 3®alyzer for the
period of 17 January to 17 February 2007.

149 — GPIC Nirate B
124 — R&P 8400N

pNO, Concentration (g m™)

‘1/‘20‘“1/‘24“‘1/‘28“‘2}1“‘2‘/5“‘2}9“‘2/‘13"7‘2/17
months, the ratio relating the two instruments was found to ) _ _ _ _
approach unity in the wintertime (December 2006 to March Fig. 6. Semi-continuous, 1 h resolution, BM particulate nitrate

. . ncentrations measured by the GPIC and R&P 8400N Nitrate An-
2.007) Whlch Squ.eSted better agrgement was possible Wh.ezfyzer for the period of 25 July to 29 August 200%) and 17 Jan-
higher ambient nitrate concentrations were present. Th'%ary t0 17 February 200(B)
good agreement provided support for the validity of correct- '
ing the GPIC particle channel results based on the NAPS
Partisol filter. Both nitrate measurements tracked each othegi,ment intercomparison relationships is presented in Ta-

well (Fig. 6a and b); however, discrepancies between thee 2 where all centres were urban environments with the ex-
GPIC and 8400N, for both high and low nitrate concentra- cepion of Whiteface Mountain, NY. Consistent underpred-
tions, were noted for periods of elevated relative humidity. jcation by the 8400N was evident for each intercomparison
Toronto experienced a period of high temperatdfe 80°C) — anq this divergence was not limited to comparisons with the
and elevated relative humidity (R¥85%) from 25 July 2006  p|c. Moreover, each summarized study reported a simi-
to 2 August 2006 and on 27 August 2007. The R&P 8400N|5, mass concentration range as that observed in the cur-

may have suffered from incomplete flash volatilization re- .o+ study. Nitrate measurement loss by the 8400N may
sulting in underpredicted measurements during these timegave peen in part due to decreased Molydenum converter
(Long and McClenny, 2006). efficiency which was located in the system’s pulse analyzer
Although the 8400N and GPIC exhibited excellent tem- (Long and McClenny, 2006). Low efficiency may have re-
poral correlation, the apparent 8400N underprediction war-sulted in incomplete N©@to NO conversion causing nitrate
rants discussion. Comparable underprediction of the 8400Nmeasurement underestimations. It is also worth noting that
as compared to other measurement techniques (noted as theng and McClenny (2006) observed only a negative bias
slope in Table 2) has been cited previously at various USwith the 8400N as compared to the GPIC during ambient
urban and rural centers (Harrison et al., 2004; Hogrefe esampling; the 8400N accurately measured high nitrate con-
al., 2004; Wittig et al., 2004; Grover et al., 2006; Long and centrations when operating under controlled laboratory con-
McClenny, 2006; Rattigan et al., 2006). A summary of in- ditions. These results suggested that interfering species may
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Table 3. Summary of 15min averaged regressions and recoveries (no intercept assumed) of calibrated GPIC particulate measure-
ments with corresponding C-ToF-AMS results for the period of 22 January to 4 February 2007. All calculated slopes have units of

(kg M3 ams/ (kg M3 pic.

Slope ¢CI)  Intercept ftg m—3) (£CIl) Pearson value ESE) C-ToF-AMS/GPIC RecoveryHCl) N

Sulphate 0.540.03 0.1#0.06 0.92:0.28 0.58:0.01 1250
Nitrate 0.52:0.03 0.3%0.13 0.92:0.71 0.570.02 1239
Ammonium  0.46:0.04 0.62:0.08 0.86:0.38 0.40.04 891

Cl: 95% Confidence Interval; SE: Standard Erdt; Sample Size

have contributed to the divergence between measurement
techniques at high nitrate concentrations. Additional differ-
ences between these techniques may be caused to the 95%
maximum 8400N sampling efficiency for particle diameters
between 100 and 800 nm (Stolzenburg and Hering, 2000).

3.2.3 Aerodyne C-ToF-AMS comparison

— AMS pNO;
— GPIC pNO,”

on (ug m)
w

Co-located GPIC PMs and C-ToF-AMS PM measure-
ments were collected for the period of 22 January 2007 § I
to 4 February 2007 and compared using 15min averaged% 4 -
sulphate, nitrate, and ammonium particulate concentrations.§ I
Excellent temporal agreement between the two measuremen® s 4—f ———————————— T

—— AMS pNH,"

techniques was indicated from Pearson r values for each 1 — GPICpNH,” % C

1
©
|
T

species: 0.92, 0.92, and 0.86 for sulphate, nitrate and am-

monium, respectively (Table 3). However, the C-ToF-AMS

concentrations were typically 40% lower than those from the

GPIC. This difference was mostly due to the different size

cutpoints of the two instruments; Bl for the GPIC and

PM;y o for the C-ToF-AMS. Mass concentrations calculated

from TSI 3321 Aerosol Particle Sizer (APS) measurementsrig. 7. Semi-continuous, 15min resolution, BM GPIC and

(assuming spherical particles with unit density) indicated thatPM; o C-ToF-AMS measurements during the period of 22 January

the ratio of PM o to PM, 5 was on average 0.63.21 during  to 4 February 2007 for particulate sulph#&#g, nitrate(B) and am-

the sampling period. The collection efficiency of the AMS monium(C).

may also have been lower than the value of one used in the

calculations, and this also potentially contributed to the dif-

ference. tors also contributed to the divergence at times. It is worth
The time series for each particulate species indicated thaoting that the GPIC agreed with the R&P 8400N on 23 Jan-

the relationship between the GPIC and C-ToF-AMS was notla@ry 2007 and was higher overnight on 1 February 2007 to

constant throughout the measurement period (Fig. 7). Thig February 2007 (Fig. 6).

variability was partially attributable to fluctuations in the

aerosol size distribution. However, scaling the C-ToF-AMS 3.3  Field data

data based on the PN and PM 5 ratio from the APS only

improved the agreement some of the time, with some no-3.3.1 Sampling conditions

table exceptions. For example, on 23 January 2007 the ratio

of PMy1 to PMy 5 rose to 0.9 while the C-ToF-AMS mea- Measured gas and particulate concentrations were to a large

surements remained 40% lower on average than those of thextent governed by meteorological parameters (wind speed,

GPIC. A similar pattern occurred overnight on 1 February wind direction, temperature, relative humidity and solar ra-

2007 to 2 February 2007: the C-ToF-AMS to GPIC ratio was diation). The measurement time of day and contributions

0.55 whereas that for P to PMy 5 was 0.83. Hence, par- from local and long range transported aerosol sources were

ticle size could explain the difference between the GPIC andalso influential factors. NOAA Hybrid Single-Particle La-

C-ToF-AMS on average, but other as of yet unidentified fac-grangian Integrated Trajectory (HYSPLIT) back trajectory

124 1/26 1/28 1/30 21 2/3
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analysis and plume dispersion modeling were used to elu- W EC m OM m pSO; = pNH,' B pNO;
cidate the geographic origin of measured air masses.

o
]

£ 100 - H —
Regarding local sources, the Wallberg Building sampling ;21 80 *A. . l g s0 Bl .
site was strongly influenced by vehicle traffic. Peak traffic § jz | ] ; jg I
densities of gasoline vehicles passing by the site occurreds | | E 0l
on weekdays between: 06:30 to 09:00 and 16:30 to 18:30.5 | § ol
Nighttime vehicular traffic was significantly lower than dur- tow | termedate | Hgh bow. | ntomediate] - High
mg the day PM2.5 Concentration PM2.5 Concentration
Long range transported air masses were frequently sam-s 100 - £
pled at the Wallberg Building sampling site in downtown 3 o cll . 3
Toronto. The majority of industrial sources influencing sam- £ 601 N N £
. . O 40 A [3)
pled air masses were situated south and southwest of the sanz _ | N £
pling site. Thus, air masses which originated from the north § 0 §
and northwest were generally free from high aerosol concen- Low | ntermediate | High
PM2.5 Concentration PM2.5 Concentration

trations. However, winds from the southwest had the poten-
tial to carry gases and particles from Hamilton, Ontario, On- __ . .
tario Power Generation’s Nanticoke coal-fired power gener-7'9- 8- Stacked percent composition of B subdivided by con-
ation station, and the Ohio River Valley, into Toronto. West- centration shown for the entire sampling campaign, June 2006~
erly winds v(/ere influenced by industr,ies and powér gen Mavrch 20074, July 2006(8), October 200¢C) and January 2007

. e ; A 7" (D). Concentration regimes are defined as lowRMx<x—o),
erating facilities in, or near, Detroit, Michigan and Sarnia, j,termediate PMs (i—o <x<i+o) and high PMg (x>i+0).

Ontario. Furthermore, agricultural activities located to the organic matter was calculated as 1.4 times organic carbon concen-
southwest and west of the city also contributed to measuregtations.

pollutant gas and aerosol concentrations.

o ) ) organic matter was measured during the summer and fall as
3.3.2 High time resolution mass reconstruction compared to the winter. Summertime increases in biogenic
] ) ] ) emissions and photochemical activity allowed for enhanced

A high time resolution reconstruction of the BM mass volatile organic compound reaction with OHz@nd NG

was created using inorganic and organic mass concentréy,y consequently favoured the formation of secondary or-
tions measured by the GPIC and Sunset Laboratory OCE%anic aerosols.

semi-continuous instruments. Each season was assomatedStaCked time series of inorganic particulates, elemental

v_vith a .different signature of relative particulate concen.tra- carbon and organic matter during October 2006 and January
tions dictated partially by temperature dependent chemistryong7 are shown in Figs. 9 and 10, respectively. These fig-
Figure 8 compares variations in percent composition of in-eq jjiystrate the rapid and extensive temporal variability
organic and organic components Of EMmags for periods that exists in the mass and speciation of Toronto’s fine partic-
of elevated and reduced concentrations during different samy|5te matter. During period of 18 October 2006 to 22 Octo-
pling periods: the entire sampling period (July 2006-Marchy,e 5006, three distinct air masses passed through Toronto re-
2007, A), in the fall (October and November 2006, B) and g,jting in large changes in PAd mass. Southwesterly winds
winter (December 2006-March 2007, C). Organic speciesirst introduced a sulphate driven episode of elevateg &M
dominated the Pis mass fraction when low Pyt concen- hich commenced on the morning of 18 October 2007 and
trations were measured, regardless of season. Furthermorggiad for approximately 24h. A shift in winds midday on
the percent mass contributed by organic species during theg october 2007 brought air from the north into Toronto pro-
low PM2 5 periods was the greatest during warmer months.,,cing a dramatic drop in P& sulphate, nitrate and ammo-
Conversely, the percent contribution pNO; increased as  niym “This allowed local urban sourced pollutants to dom-
temperature declined and during high Pd/concentration  jhate measurements and resulted in reduced £sbncen-
perlpds. . . trations as compared to air masses originating from south-
~ Airmass geographic origin and meteorolo'glcal parameter§yest of the city. The third air mass, originating from east of
influenced resultant particulate concentrations. Large seage city, caused a nitrate dominated episode that started on
sonal differences were observed, in particular for sulphatgpe morning of 21 October 2007. It should be noted both
and nitrate, even though the seasonal variation in the emisgy|phate and nitrate events contained approximately simi-
sion rates from mobile and point sources was likely small. |3y concentrations of ammonium and organics constituents.
Southwestern W|r_1ds typically brought elevated regional S“"Owega et al. (2006) also observed the most significant dif-
phate concentrations for all seasons. However, measureg ance in PM s aerosol mass occurred between air masses

pSO;” concentrations were higher during the summer asyriginating from the north/ northwest and south/southwest of
compared to the winter as the availability of OH anglQd Toronto.

for reaction with SQ increased during this season. Higher
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Fig. 9. Stacked fifteen minute resolution inorganic particulate con- Fig. 10. Stacked fifteen minute resolution inorganic particulate con-
centrations and two hour resolution organic matter and elementatentrations and two hour resolution organic matter and elemental
carbon concentrations as measured during October 2006 presentedrbon concentrations as measured during January 2007 presented
associated five minute averaged temporal wind direction. Organicssociated five minute averaged temporal wind direction. Organic
matter was calculated as 1.4 times organic carbon concentrations.matter was calculated as 1.4 times organic carbon concentrations.
Periods of missing data for specific species (organic matter, elemen-
tal carbon, and particulate ammonium) are indicated with horizontal
The magnitude and frequencypsof[ episodes declined bars along the upper axis.

in the winter andpNOj3 concentrations increased. This
was attributed to the semi-volatile nature of ammonium ni- _ N _ )
trate, which should partition more extensively to the particle €90ries and were conditioned to exclude outliers, defined as
phase at low winter temperatures. Consistently elevated nil-5 times greater than the interquartile range of the monthly
trate concentrations were observed during winter samplingiverage of the measurements for the given time of day. Diur-
months while the sulphate mass contribution varied depend[‘al profiles were analyzed to better understand the influence
ing on the geographic origin of the air mass. Similar to of local and long range source contributions to the measured
summer and fall measurements, winds from the southwesgecondary aerosol species and their production pathways.
(17 January 2007 to 19 January 2007) were associated witkMissions, photochemical activity and the planetary bound-
higher sulphate concentrations than those from the other di@fy layer mixing height were parameters which affected di-
rections (13 January 2007 to 15 January 2007). urnal patterns. Locally derived gas and particulate species
Episodes of high particulate concentrations resulting fromwould be expected to exhibit a distinct diurnal tre_nd while
long range transported air masses, independent ofgeographlf&ng range transported pollutants would be more influenced
origin or season, typically lasted for approximately two to _by synoptic meteorology and therefore should not necessar-
three days. Particulate concentrations during these pollully Show a daily cycle. - . o
tion periods were not continuously elevated, but instead ex- No ftatlsUcaIIy significant diurnal varlatlon was note.d for
hibited a number of interwoven local minima and maxima »SC; and gaseous Sas both these species did not likely
values due to a series of separate plumes or fronts passirffiginate from local urban emission sources. Long range
across the sampling site. Temperature driven diurnal variaifansport, generally from sources west or southwest of the
tions, as described next, were also superimposed on top ¢f@mpling site, governed the magnitude of;SMd sulphate
the synoptic variability. A similar concentration variation concentrations observed in this urban environment. Sul-
was noted during the 2001 PMTACS-NY summer and winterPhate results are in line with previous studies: Fisseha et
sampling campaigns conducted in New York City (Weimer et al. (2006) also noted that sulphate lacked any diurnal trend

al., 2006). and Drewnick et al., (2004) only observed a weak diurnal
pattern. The late afternoon peak reported by the latter study
3.3.3 Seasonal diurnal variation was postulated to be the result of regional pollution episodes

coupled with in situ S@ photochemical processing. How-
Hourly averaged GPIC HN§ pNO3', NH3 andeHjlr con- ever, disagreement between studies exists in the literature
centrations are plotted as diurnal trends for the months ofegarding diurnal sulphate behaviour: a pronounced broad
July 2006, October 2006 and January 2007 in Fig. 11. Meamorning (07:00 to 12:00) sulphate peak identified by Weimer
surements were subdivided into weekend and weekday caet al. (2006) was attributed with a rising boundary layer.
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Fig. 11. Weekday and weekend hourly averages for July 2006, October 2006, and January 2007: weekggy tAN@veekday particulate
nitrate(B), weekday NHg) (C), weekday particulate ammoniuf@), and weekend Nkjg) (E) observations.

pNHj{ andpSOff diurnal trends were both insignificant in that during the summer in Atlanta, NHoncentration in-

the summer. This was expected asﬁnﬁ-lj was most likely ~ creased at 08:00 and remained consistently elevated through-
in the form of either (NH)>SO; or NH4HSOy (Zhang et al.,  out the day. However, during the winter in New York City,
2006). Conversely, wintepNH; favoured nitrate associa- Li et al. (2006) noted a bimodal diurnal ammonia pattern; a
tion (Harrison and MacKenzie, 1990; Wexler and Seinfeld, rise in NHg commenced at 06:00 and attained peak levels at
1990); thus diurnal variation qﬁNszas observed in Jan- 09:00 which was followed by a gradual decline in concentra-
uary. tion until 17:00 when a second peak was noted.

As temperatures declined, gas phase ammonia concentra- Although vehicle emissions appeared to influence the am-
tions also decreased. Interestingly, the diurnal profile formonia diurnal profile, agricultural fertilizer and livestock
ammonia also shifted with season: a pronounced morningmissions also likely contributed to measured concentrations
maximum rush hour peak (09:00 to 10:00) was noted in Julyas monthly median Niiconcentrations declined with tem-
which shifted to occur later in the day as the overall ambientperature. This hypothesis was further investigated by com-
temperature dropped: in January, the daily maximum wagParing the total ammonium concentration (calculated as the
observed at 18:00. This profile likely implied that birig- ~ sum of pNH; and NH) variation for the period when live-
inated from a local source, possibly vehicle traffic since thisstock and agricultural ammonia emissions were likely con-
maximum did not occur on weekends. Furthermore, signifi-tributing (June—October) with that for the months of when
cant statistical correlation between Nkith CO was found  minimal livestock or agricultural emissions were assumed
(r=0.60). The morning rise in the NfHnay not have been present (December 2006 to March 2007). Given total am-
observed in January due to increased conversion of t8H Mmonium concentrations were significantly lowpr<0.0001)
NH4NOs as a result of the colder temperatures. The late af-during the colder months\(=4787) than the warmer months
ternoon rise in the Ngidiurnal profile for January appears (N=5088), with mean total ammonium concentrations and
to coincide with a drop inpNO; and pNH; concentra- ~ associated standard errors of 3#I/3 and 5.230.3 .9 m—3
tions. This observation potentially suggests that the saméespectively, agricultural and livestock source do potentially
NHj3 from the vehicles that condensed in the morning subseinfluence the total measured ammonium measurements in
quently evaporated once the temperature rose. Diurnal NHdowntown Toronto.
trends have previous been reported in urban centres and were
attributed to traffic emissions. Nowak et al. (2006) reported
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On weekends, the traffic density passing the sampling sitenaintaining the high time resolution of the GPIC measure-
was reduced and this is possibly reflective of the weaker dayments. Applying similar correction to the gas species data
time rise in gaseous N In addition, a gradual midday de- was less successful in resolving disagreement between dif-
cline due to a rise in the planetary boundary layer mixing ferent instruments.
height, which effectively diluted concentrations, was more A difference between TEOM and NAPS Dichot filter mea-
apparent, particularly in July. As the depth of the mixing sured PM 5 mass concentrations was identified, in particu-
height weakened in the winter as compared with summeiar during the winter. The difference between the two mea-
months, the degree to which this primary gas emission wasurement techniques was attributed to partial volatilization
diluted during the day was expected to be accordingly re-of nitrate in the TEOM’s heated inlet air stream. Variation

duced. was normalized by calibrating the TEOM concentration to
For the entire duration of the sampling period HNO the NAPS Dichot filter data. Comparison of the calibrated
concentrations were consistently less than thospN®D; . TEOM data with reconstructed GPIC and Sunset Laboratory

Gaseous nitric acid reached a peak concentration oOCEC PM s mass concentrations exhibited excellent corre-
1.08,.g m~2 in the early afternoon (12:00 to 13:00) for the lation.
month of July coinciding with maximum daily solar radi-  Co-located inter-instrument comparison between the
ance and temperatures. Particulate nitrate in July peake@PIC and API Fluorescent $0Gas Analyzer showed an
at 2.1.g m~3 between 10:00 and 11:00, prior to the HNO overall good correlation between the two measurement tech-
peak. Diurnal HNQ@ formation andpNOj; removal in the  niques (=0.87); calibration challenges with the APl $0
summer was the most pronounced diurnal trend observedAnalyzer likely contributed to an observed offset. Com-
HNO3z was likely formed during the night via 20s+H20 parison of the GPIC with a co-located R&P 8400N Ni-
reaction yieldingpNO3 in the early morning hours pro- trate Analyzer£=0.86) and Aerodyne C-ToF-AM%%0.86)
vided sufficient NH was present (Ansari and Pandis, 1999; showed overall good correlation between the measurement
Weimer et al., 2006). As local vehicle sources further emittedtechniques.
primary NQ and NH in the morning, more NENOs may High time resolution PMs mass reconstruction was pos-
have been produced through oxidation of the;N@HNOs. sible via the GPIC and Sunset Laboratory OCEC measure-
As temperature and solar radiance increased throughout th@ents. This enabled rapid PM inorganic and organic
day, gaseous HN§concentrations continued to rise due to species and precursor gases fluctuations to be characterized
the evaporation of morning rush hour derived PM nitrate within and between seasons.
and the rapid oxidation of NO The concentration of both The strongest diurnal HN$and pNO3 partitioning was
species declined in the afternoon, suggestive of BN opserved during the summer: nighttimélO; formation
deposition and removal by advection (Fisseha et al., 2006). and morning rush hour derived PM nitrate was converted
Particulate nitrate exhibited a strong seasonal dependencey nitric acid gas midday as daily temperatures peaked.
the greatest contribution of particulate nitrate (in the assumedn the winter, low temperatures and high relative humid-
form of ammonium nitrate) to total nitrate (calculated as theity induced gaseous HN§and NH; condensation yielding
sum of HNG and pNO3) was observed in March (85%) NH4NOs aerosol. Consequently, the fraction of total nitrate
and the lowest fraction was found in August (34%). Further- (TNO3=HNO3+pNO3) in gaseous form was the lowest dur-
more, the proportion of the total P\ mass, as measured by ing the winter months.
the TEOM, that was due tpNO; was on average 11 times ~ Ammonia and particulate ammonium also demonstrated
higher in March than in August. Similar seasonal and diur-seasonal diurnal differences. During the summerz -

nal variation were also observed in Zurich where O3 hibited a morning rush hour maxima on weekdays. The pro-
content of measured Pidwas five times greater in March - gression from summer to winter shifted the moring max-
as compared to August (Fisseha et al., 2006). ima to an afternoon/evening diurnal peak and the overall

magnitude of the NBl concentrations also decreased. Am-
) monium only demonstrated diurnal variation in the win-
4 Conclusions ter. pNH; and pSC;~ both showed litle diurnal varia-

] ) tion in the summer; these trends were coupled as the mea-
Comparison of the GPIC with other parallel measurementsyred pNH; was mostly associated withSQZ~, in the

r_evealed_ good tgmporal agreement demonstrating the potefg,m of either (NHy)2SO; or NHsHSOy. Conversely, winter
tial of this technique. However, numerous challenges were,NH  fayoured nitrate association; thus a diurnal variation
encountered in the continuous operation of the GPIC pro-

; , , in pNHZ was only observed during the winter.
ducing systematic errors in accuracy. Many of the underly-
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