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Abstract. Measurements of cloud condensation nucleil Introduction

(CCN) were made in downtown Toronto during August and

September, 2003. CCN measurements were performed Aerosols and clouds play vital roles in the climate system,
0.58% supersaturation using a thermal-gradient diffusionboth through direct and indirect radiative forcing. Clouds
chamber, whereas the aerosol size distribution and compaalso impact the hydrological cycle through condensation,
sition were simultaneously measured with a TSI SMPS andransport and precipitation processes. Cloud droplets form
APS system and an Aerodyne Aerosol Mass Spectrometehen aerosol particles are exposed to conditions of water va-
(AMS), respectively. Aerosol composition data shows thatPor supersaturation. Particles defined as CCN have sufficient
the particles were predominately organic in nature, in par-soluble mass to activate, or grow to micron size droplets,
ticular for those with a vacuum aerodynamic diameter ofat a particular supersaturation. Cloud formation processes
<0.25um. In this study, the largest contribution to CCN are complex and highly dynamic in nature; however, in gen-
concentrations came from this size range, suggesting thagral, the concentration of CCN in an air parcel will impact
the CCN are also organic-rich. Using the size and compo-<loud properties. A higher concentration of CCN at a given
sition information, detailed CCN closure analyses were per-Supersaturation will lead to more droplets with a smaller
formed. In the first analysis, the particles were assumednean droplet diameter. This may lead to a more reflective
to be interna”y mixed, the Organic fraction was assumedC'OUd and is termed the first indirect effect, or Twomey effect
to be insoluble, and the inorganic fraction was assumed tdTwomey, 1977). The second indirect effect is related to the
be ammonium sulfate. The AMS time-of-flight data were inhibition of precipitation in clouds with small mean droplet
used for Kohler theory predictions for each particle size and diameters which affects the extent and lifetime of clouds (Al-
composition to obtain the dry diameter required for activa- brecht, 1989).

tion. By so doing, this closure analysis yielded an aver- The impact of anthropogenic emissions on cloud and
age value of CCMedicted CCNobserved1.12£0.05. However, aerosol properties can be significant. Indirect effects have
several sample days showed distinct bimodal distributionsb€en documented on a local and regional scale (e.g. Rosen-
and a closure analysis was performed after decoupling théeld, 1999, 2000; Durkee et al., 2000; Givati and Rosenfeld,
two particle modes. This analysis yielded an average valu€004; Chung and Ramanathan, 2004); however, the under-
0of CCNoredicted CCNobserved1.03+0.05. A sensitivity analy- standing of cloud formation processes and aerosol effects are
sis was also performed to determine the aerosol/CCN closurg0t sufficient to predict indirect effects on a global scale.
if the organic solubility, droplet surface tension, or chamber To accurately understand the indirect effects on a regional
supersaturation were varied. and global scale, a better understanding must be achieved on
how cloud properties and formation processes are affected by
aerosol chemical and physical properties.
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The first step towards this goal is the ability to accurately but under higher aerosol loading the deviation between ob-
determine how particles of a defined size distribution andservations and measurements is a factor of 3-5. Quinn et
composition will act as CCN. A large number of laboratory al. (1993) did not achieve closure during ground based mea-
studies have investigated the CCN behavior of soluble inorsurements performed at Cheeka Peak, Washington. Only one
ganic species such as ammonium sulfate and sodium chlaneasurement was performed at 0.3% supersaturation and the
ride (Katz and Kocmond, 1973; Gerber et al., 1977). Re-predicted CCN concentration based on an ammonium sul-
cently, significant work has also been done with both solu-fate assumption was a factor of 2 higher than measured con-
ble and insoluble organic species (Cruz and Pandis, 1997centrations. Martin et al. (1993) compares two sets of data
Corrigan and Novakov, 1999; Giebl et al., 2002; Kumar from flights over the British isles and the North Sea. Assum-
et al.,, 2003; Raymond and Pandis, 2002; Broekhuizen etng an ammonium sulfate composition, reasonable closure is
al., 2004a). Examples include low molecular weight dicar- achieved for a maritime air mass, but not for an air mass with
boxylic acids, oleic acid, and biogenic secondary organiccontinental origins.
aerosol (Broekhuizen et al., 2004b; VanReken et al., 2005). More recent closure studies have had more success in
These studies focus on single component systems or wekchieving closure with some notable exceptions. Liu et
defined binary or tertiary mixtures (Raymond and Pandis,al. (1996) made ground based aerosol and CCN measure-
2003; Bilde and Svenningsson, 2004; Abbatt et al., 2005)ments at Chebogue Point, Nova Scotia, during the 1993
They have shown thatdhler theory accurately predicts acti- NARE campaign. Composition information was derived
vation behavior for a wide range of species under most confrom filter samples and the particles were divided into soluble
ditions. This body of laboratory work gives a solid founda- and insoluble fractions, of which the soluble was assumed to
tion on which to make predictions. However, atmosphericbe ammonium sulfate. There was closure within uncertain-
aerosols are complex mixtures of soluble inorganic and ordies for 10 of the 12 data sets with one overprediction and one
ganic species (e.g. Saxena and Hildemann, 1996; Murphy ainderprediction. The aerosol mass loading during this study
al., 1998), as well as insoluble components such as organicsyas strongly inorganic in character with small organic contri-
soot, and mineral dust. The particles may contain surfacéoutions. Covert et al. (1998) and Zhou et al. (2001) both used
active species (Shulman et al., 1996; Facchini et al., 1999Jelative humidity controlled tandem differential mobility an-
which lower the surface tension of the droplets, as well asalyzers (RH-TDMA) to obtain hygroscopic growth factors.
soluble gases which may affect activation (Laaksonen et al.The study by Covert et al. (1998) was a ground based mea-
1998). In short, it may be difficult to predict CCN concen- surement as part of ACE 1, while that of Zhou et al. (2001)
trations due to the highly complex and variable nature of truewas a ship borne measurement as part of AOE-96. In both
atmospheric aerosols. cases, hygroscopic growth factor derived aerosol composi-

tions were used to predict CCN concentrations. The compo-

sitional analysis revealed that soluble inorganic sulfate was
2 Background the dominant mass fraction under most conditions in both

studies. Despite this fact, Covert et al. (1998) overpredicted
Aerosol/CCN closure studies involve exposing an atmo-the CCN concentrations by 25% for all data, while Zhou et
spheric aerosol population to a particular supersaturation oal. (2001) overpredicted by 30%.
set of supersaturations under controlled conditions and mea- Cantrell et al. (2001) achieved closure during INDOEX
suring the CCN concentration. The CCN concentration isat the Kaashidhoo Climate Observatory. Compositional
compared to Khler theory predictions based on concurrent analysis was achieved in five size ranges from 0.056 to
measurements of dry particle size distributions and composi1.0um using microorifice uniform deposit cascade im-
tions. A successful closure study will accurately predict thepactors (MOUDISs). A soluble mass fractios, was calcu-
concentration of CCN. lated and utilized in a simplified &ler theory, assuming the

Previous closure studies have met with varying amounts okoluble fraction was ammonium sulfate. The soluble frac-
success. A variety of methods were used for both aircraft andion, ¢, generally varied between about 0.25 and 0.5, and
ground-based measurements. The first attempts at achieviraerosol/CCN closure was achieved in 8 of 10 data sets. The
aerosol/CCN closure included studies by Bigg (1986), QuinnCCN concentrations were overpredicted in both cases where
et al. (1993), and Martin et al. (1994). While providing use- closure was not achieved.
ful CCN and aerosol size and composition information, these Significant airborne experiments were performed as part
studies were largely unsuccessful at achieving closure. In &f ACE-2. Wood et al. (2000) conducted Lagrangian exper-
ground based study at Cape Grim, Tasmania, Bigg (1986)ments in the marine boundary layer. The measured CCN
compared measured CCN concentrations with predicted conspectrum was compared to model predictions for soluble am-
centrations based on particle size distribution measurementsionium sulfate with varying amounts of insoluble material.
and the assumption that the particles were either composet@ihe best fit was for a 5% soluble mass fraction, while frac-
of ammonium sulfate or sodium chloride. The results agreedtions of 20%, 50% and 100% overpredicted CCN concen-
reasonably well at low particle concentratiors300 cnt3), trations. However, ground based composition measurements
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did not support a 5% soluble mass fraction, so closure wasn the measurement of particle size distributions may also
not achieved in this study. Using aerosol composition databe a contributing factor. For airborne measurements, spatial
based on ground based filter samples collected at Tenerifgnd temporal variability aboard a moving platform may also
Chuang et al. (2000) overpredicted the measured CCN conbe a contributing factor in the failure to achieve closure. The
centrations by a factor of 3-10 and could not explain this studies able to achieve closure were generally not influenced
discrepancy by the presence of insoluble material, as thdy strong anthropogenic sources and were characterized by
sub-micron insoluble fraction was measured to<4#% at  low concentrations of organic carbon in the aerosol phase.
Tenerife. In the study of Snider and Brenguier (2000), cal-Only the Roberts et al. (2002) study was characterized by
culated CCN concentrations based on ammonium sulfate akigh concentrations of organic material (80% by mass), but
the soluble fraction were a factor of 2 higher than mea-water-soluble organic compounds comprised about half of
sured CCN concentrations unless the aerosol insoluble madhe total organic carbon and the site was not influenced by
fraction was elevated to unreasonable levels. Closure waanthropogenic emissions.
achieved for two days unaffected by continental pollution Recent analytical advances have made fast time resolved
when subsequent refinements are made to iigléf calcu-  characterization of single aerosol particles or aerosol popu-
lations (Snider et al., 2003). Dusek et al. (2003) also maddations possible. The Aerodyne Aerosol Mass Spectrometer
ground based CCN measurements at Sagres, Portugal durif@MS) has been widely used in this regard but, aside from
ACE-2. CCN concentrations were overpredicted by abouta recent study (Medina, J., Nenes, A., Cottrell, L., and R.
30% on average for all data. A large contribution from or- Griffin, A detailed closure study of CCN in the Northeastern
ganic species is an unlikely source of error, as the sub-microtunited States, Poster #A31B-0833 Presented at the Amer-
aerosol carbon mass was generally below 15%. ican Geophysical Union Annual Meeting, December 2005;

Two recent studies by Roberts et al. (2002) and VanRekerereafter referred to as Medina et al. (2005)), has not been
et al. (2003) were successful in achieving aerosol/CCN clo-explicitly used for aerosol/CCN closure to this point. As
sure. Roberts et al. (2002) made ground based measuremenisted above, there have also been recent laboratory studies
as part of CLAIRE-98 in the Amazon Basin. CCN concen- on the effect of organic species on CCN activity for single or
trations were measured between 0.15% and 1.5% supersanulti-component aerosols. While there are many yet unan-
uration. Mass distributions were measured with a MOUDI swered questions, the roles of solubility, surface tension, and
impactor and size distributions with an SMPS system. Com-oxidation state in CCN activation are now better understood
positional analysis revealed organic mass fractions of nearlghan for many previous closure studies. These two factors
80%, of which half was estimated to be soluble. Am- make the possibility of aerosol/CCN closure in a variety of
monium bisulfate constituted about 15% of the remainingenvironments possible.
aerosol mass. A three componeriitder model was used to To this end, a CCN chamber, developed at the Uni-
predict CCN concentrations and agreed with measurementgersity of Toronto, was deployed in an urban environ-
within uncertainty, although only when the model assumedment in downtown Toronto in conjunction with measure-
that the organic fraction was insoluble. The VanReken etments of aerosol physical and chemical properties to de-
al. (2003) CRYSTAL-FACE study is the first airborne mea- termine whether aerosol/CCN closure could be achieved in
surement to achieve closure. CCN concentrations were calair masses strongly influenced by local and regional anthro-
culated based on the assumption of pure ammonium sulfatogenic emissions. Toronto can be affected by both clean,
using the SMPS aerosol size distributions. This assumpNorthern air which has low background particulate and min-
tion was generally supported by aerosol mass spectrometrimal anthropogenic influence and air from the southwest that
(AMS) measurements. There is a systematic overpredictiomas been influenced by large urban centers and areas of high
of CCN concentrations of about 5% for the 0.2% supersat-sulfur emissions from power generation sources.
uration data and about 20% for the 0.85% supersaturation
data.

More recently, Rissman et al. (2005) have found a degrees  Experimental description
of overprediction when applying #hler theory to aerosol
measurements and comparing with airborne observations @d.1 Sampling site
CCN concentrations. Rissler et al. (2004) has also recently
been able to predict CCN concentrations within 25% usingThe sampling site was located in downtown Toronto, On-
RH-TDMA derived particle solubilities. tario, Canada on the University of Toronto St. George Cam-

In general, aerosol/CCN closure has been difficult topus. Measurements were made over several weeks from 20
achieve. This may be due to a number of factors. ManyAugust to 25 September 2003 at the Wallberg Building at
of the studies described above state that incomplete compd84—-200 College St. This site is heavily influenced by week-
sitional analysis and the unknown effect of organic specieday traffic with a weekday traffic volume of approximately
or insoluble material limits the success of achieving closure.33 000 vehicles/day (Tan et al., 2002). The duct used for
Measurement biases in the CCN chambers and detectors @ample collection was approximately 6 m above the ground

www.atmos-chem-phys.net/6/2513/2006/ Atmos. Chem. Phys., 6, 25232006
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Fig. 1. Map of downtown Toronto showing the sample sije)(at 184—200 College St. The map was created with CanMap Route Logistics
Ontario (v8.2), DMTI Spatial Inc.

and 15m north of College Street. A map of the downtown nearly 100% transmission of particles with vacuum aerody-
sampling site is shown in Fig. 1. Detailed analysis of aerosolnamic diameters in the 0.Q8n to 0.6um range (Zhang, X.,
properties, meteorological data, and source apportionmengt al., 2004). The oven used for particle vaporization was
for this field campaign can be found in Buset et al. (2805) set to 550C and the particle collection efficiency was as-
sumed to be 100%. In the second AMS mode, size-resolved
3.2 Instrumentation compositional analysis was performed for particles between
0.01xm and 1.Qum in the time-of-flight (TOF) configura-
Particle composition was measured by several instrumentgjon. TOF spectra were collected as hourly averages. For a
including an Aerodyne AMS. The AMS has been widely detailed description of the AMS data collection and calibra-
used in laboratory and field campaigns (e.g. Jayne et altion, see Buset et al. (2005)
2000; Allan et al., 2003; Jimenez et al., 2003; Alfarra et al., Water soluble inoraanic particulate mass was also ana-
2004). It was operated in two modes. In one mode, aVeriyzed using a water IDQarticIeF-)In-Li uid-Sampler (PILS) with
age mass concentrations of non-refractory particulate specie¥ : hg ¢ hs for i quid->amp si Th
such as sulfate, nitrate, chloride, ammonium, and organi%Wo lon chromatograpns for norganic ion analysis. e

carbon were measured every 15 minutes. The AMS ha ILS also collected _15 min average samples to gommde with
he AMS and other instrumentation. A correlation plot be-

1Byset, K. C., Evans, G. J., Leaitch, W. R., Brook, J. R., and W€en S@_ from the PILS and ng from the AMS yielded
Toom-Sauntry, D.: Use of advanced receptor modeling for analysi? slope of 0.97 (Buset et al., 2095 giving credence to
of an intensive 5-week aerosol sampling campaign, Atm. Environ.,the assumption that the collection efficiency of the AMS
submitted, 2005. was near 100%. This correlation was valid for most of the

Atmos. Chem. Phys., 6, 2513524 2006 www.atmos-chem-phys.net/6/2513/2006/
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sampling period and for all the data presented in this paper,
during which the mass tended to have a high organic content.
Detailed comparisons to the TEOM data are also included
in the Buset et al. (2005)aper which validate a collection et
efficiency of 100% for the days during which the CCN mea- - .o
surements were conducted.

Particle size distributions were measured using a Scan- AMS
ning Mobility Particle Sizer (SMPS). The SMPS consisted
of a Differential Mobility Analyzer (DMA) (Model 3071,
TSI Inc.) connected to a Condensation Particle Counter
(CPC) (Model 3022, TSI Inc.). Large particles @.5um)
were measured using an Aerodynamic Particle Sizer (APS)
(Model 3320, TSI Inc.). Size distributions from 0.Qin to
20um were collected as 15 minute averages.

CCN concentrations were measured with the University of
Toronto thermal gradient diffusion chamber (TGDC). The in-
strument has been validated through a number of laboratory, Resyits
studies on inorganic, organic, and internally mixed aerosol
particles (Kumar et al., 2003; Broekhuizen et al., 2004a, b;4.1 CCN and AMS measurements
Abbatt et al., 2005) and is described in detail elsewhere (Ku-
mar et al., 2003). Briefly, it is a continuous flow chamber CCN measurements were performed on 10 days between 27
consisting of two parallel wetted copper plates held at dif- August and 17 September 2003. However, on only 4 of the
ferent temperatures resulting in a supersaturation in the centO days (27 August, 5 September, 15 September, and 16
ter of the flow. The particle flow~0.2 LPM) is entrained September) were the SMPS and AMS instruments also col-
into the center of the chamber via a humidified sheath flowlecting data. All four days were weekdays and therefore in-
(~1.8LPM) and is sampled at the end of the chamber byfluenced by high vehicle traffic loads. CCN concentrations
an APS (Model 3320, TSI Inc.) which pumps at 1.0 LPM. were quite variable, ranging from 144 crhon 5 September
A diaphragm pump (Model 107CEF075, Thomas Industries,to 3291 cn73 on 16 September.

Inc.) pumped the remaining chamber effluent (1.0 LPM). Fil-  The CCN concentrations fall within the values seen in
ter paper was used to wet the copper plates and was routinelgther studies and are representative of concentrations ob-
remoistened to prevent drying and to maintain a constant suserved in both remote marine environments (e.g. Hegg et al.,
persaturation in the chamber. The chamber was operated 4991, 1995; Hudson, 1993) and also those observed under
0.58% supersaturation for the entire campaign and was roueonditions of heavy anthropogenic influence (e.g. Hudson
tinely calibrated with monodisperse ammonium sulfate par-and Frisbie, 1991; Hitzenberger et al., 1999). That the CCN
ticles to ensure a stable supersaturation. CCN concentratioroncentrations varied by a factor of 30 over the course of this
were collected every minute and were combined into 15 minstudy allows the closure methodology to be vigorously tested
averages to correspond with the other instrumentation samever a variety of conditions.

ple times. The raw CCN counts were multiplied by a factor The AMS data consistently show a large organic fraction
of 10 to account for dilution in the chamber by the particle for particle sizes less than approximately O.2B as shown

free sheath flow and then multiplied by 1.4. This value of for two sample days in Fig. 3. Figure 4 shows a break-
1.4 has been shown to be robust for all particle sizes analown of the organic fraction for the same time periods shown
compositions in previous laboratory studies with this cham-in Fig. 3. 27 August and 5 September do not exhibit dis-
ber (Kumar et al., 2003; Broekhuizen et al., 2004a, b; Abbatttinct bimodal behavior as seen in Fig. 3a. The inorganic
et al., 2005) and was verified by calibration with ammonium mass fraction remains relatively constant over the entire size
sulfate. Counting inefficiency of liquid droplets in the APS is range. However, on 15 and 16 September two distinct parti-
a likely cause of this correction factor (Volckens and Peters,cle modes are observed. The smaller mode is characterized
2005). A schematic of the sampling setup is shown in Fig. 2.by low inorganic mass loading and consistently low values

Gas-phase measurements were also performed in 15 mifor m/z=44 (Cq) which is a marker for oxidatively pro-
sampling intervals. S®was measured using a fluorescent cessed species. This suggests a significant local source of
SO, analyzer (Model 100A, API Inc.). Other gas-phase andhydrocarbon-like organic (HOC) emissions often associated
particle measurements were used in the receptor modeling/ith primary emission sources, such as vehicles (Zhang et
study and can be found in Buset et al. (2005) al., 2005a, b). The larger mode, or accumulation mode is

characterized by significantly higher inorganic mass loading
and higher values fom/z=44 (Cq). These accumulation
mode particles are likely aged particles from upwind sources

~ ~ — To College Street

Fig. 2. Schematic of the experimental setup.
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Fig. 3. AMS TOF spectra for two days showing mass concentra-F19- 4. AMS TOF spectra for two days showing key peaks in the
tions vs. vacuum aerodynamic diameter. Green represents the oPrganic mass fraction vs. vacuum aerodynamic diameter. The mass
ganic fraction, red represents sulfate, blue represents nitrate, ange2k (/z=44amu) is representative of aged organics, while the
orange represents ammonium. For example, the organic fraction iff€2K (/57 amu) is representative of primary emissions. The light

(b) at 0.5um is approximately Z.g/m3, not 17ug/m>. (a) Hour blue representsi/z=43, the yellow representa/z=44, and the dark

20:00-21:00 UTC, 5 September 20@B) Hour 16:00-17:00 UTC, blue represents/z=57. (a) Hour 20:00-21:00 UTC, 5 September
15 September 2003. 2003.(b) Hour 16:00-17:00 UTC, 15 September 2003.

(Zhang et al., 2005a, 2b). The relative contributions of thesg/Sed in the CCN measurements. Then the SMPS particle
two distinct particle modes on aerosol/CCN closure must becounts were integrated for all sizes greater than or equal to
taken into account. This demonstrates the importance of bottP - The predicted CCN concentrations are then compared to
size resolved mass analysis and particle mixing state for suche measured CCN concentration to determine whether clo-

cessful aerosol/CCN closure at sites strongly impacted by loSure is attained. Overall, this approach assumes full internal
cal emissions. mixing of the aerosol.

The AMS TOF data were collected as a vacuum aerody-
4.2 Comparison of CCN concentrations to SMPS measurenamic diameterD,,, which must be converted to a mobility
ments diameter,D,,, for comparison with the SMPS data. For sim-
plicity, the particles were assumed to be spherical with a bulk
In the simplest closure analysis, the AMS TOF data weredensity, pz, of 1.0gcnT3. This assumption was verified
used, in combination with the number size distributions mea-by comparing SMPS derived particle volumes to AMS TOF
sured with the SMPS, to calculate predicted CCN concentradata. These two data sets are correlated by effective den-
tions. Briefly, the AMS compositional data were used to pre-sity, which includes both the shape factor and bulk particle
dict an onset activation diameté&r* at the supersaturation density. In general, the effective density of the organic rich

Atmos. Chem. Phys., 6, 2513524 2006 www.atmos-chem-phys.net/6/2513/2006/
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particles was approximately equal to 1 (see Fig. 5). 0.20
For each TOF size bin, a soluble volume fracti®g,, was . ® AMS TOF Data Joss
calculated according to Eq. (1) .-"ﬁ.'. ® SMPS Volume Data | | i
1 »
msol/,osol » 1 4014
Vsol = (1) 6 » -
msoI/PsoI + morg/porg ” n - o1 “g;
wheremso and pso are the total inorganic mass and the den- (% v ‘j. 010 f)
sity of the inorganic fraction, respectively, am@q and porg s ] _‘ 0:. Jooe &
are the organic fraction mass and density, respectively. An s o:-_ 1 oses
organic volume fractionVorg, was calculated in a similar | -: om, .
fashion. The soluble fraction was assumed to be ammonium » Sote, 1%
sulfate in all casesp=1.77 gcm3) and the organic frac- 2 .‘0::.-.._ - 002
tion was assumed to be completely insolulle1.0 g cnT3). 0 -— "‘I°==='u!pmq_' 0,00
These are reasonable assumptions based on the observed 0 100 200 300 400 500 600
NH;-SCZ~ ratio and the effective density calculation de- Particle Diameter (nm)

scribed earlier.

The volume fractionsVsel andVorg, were used to calculate Fig. 5. Log-normal fits to the small mode, organic-rich fraction for
the number of moles of soluble material and the diameter of-6:00-17:00UTC, 15 September 2003. The red squares represent

the insoluble core, respectively. These parameters were usége 1 ©© T&A?_Atst Tg\';ggta ?nd th; )E'aXis(ﬁ’ﬁ - The blue circles
in an insoluble core Khler theory calculation to determine 'cPre>¢Mt e Htio volume data and the x-axi3is
whether each AMS-TOF bin would activate at 0.58% super-
saturation according to Eq. (2) (Seinfeld and Pandis, 1998) with the same mode from the AMS data. This suggests that
| (pw (D,,)) AM, oy 6n, My, an effective density assumption of 1.0 gchis valid for this
n

= — (2) - -
pe RTpuD, =« ,Ow(Df, —d3) mode. An example of the AMS SMF_’S small mode correla
tion from 15 September is shown in Fig. 5. Unfortunately, the

wherep,, (D)) is the droplet water vapor pressuré,ipthe  same comparison could not be performed for the larger mode
equilibrium water vapor pressurd/,,, po,,, ando,, are the  since the SMPS data was only collected up to the 254 nm size
molecular weight, density, and surface tension of water, re-bin. The SMPS data does not include the peak of the larger,
spectively,R is the gas constant; is the droplet tempera- sulfate-rich mode, so direct comparison is difficult. We esti-
ture, n, is the moles of soluteD, is the droplet diameter, mate based on log-normal fits to the SMPS volume data and
andd, is the insoluble core diameter. The smallest size binAMS TOF data that the effective density of the larger mode
which would activate was designated as the onset activatiofs between 1.4 and 1.6 gcrh Therefore, the larger parti-
diameter,D*. In these calculations, every aerosol size bin cle mode was assumed to have a density of 1.5%crlthe
larger thanD* also activated, although it would be possible accumulation mode was assumed to have a uniform compo-
for particles larger tha®* to be CCN inactive under certain sition over the entire size range for simplicity and the particle
conditions, e.g. very organic rich. The 15min SMPS aver-diameters were reduced by a factor of 1.5 to convert aerody-
ages were integrated for all sizes larger tii2into obtain the  namic diameter to mobility diameter. The two modes could
predicted CCN concentration. There is a degree of uncerthen be completely decoupled from one another.
tainty with each point in this calculation due to the fact that The onset activation diameter for both modes was cal-
the AMS TOF data are hourly averages rather than 15 mirculated using the methodology described above. After the
averages, however, there was no significant difference wheonset activation diameters were calculated for each mode,
hourly CCN and SMPS averages were used instead of 15 mithe SMPS size distributions were also divided into the two
averages. modes for each SMPS size bin. The total mass of each mode
To assess the effect that externally mixed aerosol may havat each size was divided by the assumed density to obtain the
on the degree of closure, a second analysis was performectlative particle volumes in each mode. The relative volumes
for the two days which showed bimodal distributions. On in each mode were used to calculate the number of particles
these two days, 15 and 16 September, two log-normal disin each mode for each SMPS size bin.
tributions were fit to the AMS TOF bimodal distribution for It should be noted that for a small number of data points
each time period. An effective density of 1.0gciwas  (i.e. 11% of the total) in the smaller mode, not all size bins
assumed for the small particle mode. This assumption wasarger thanD* activated when the particle modes were de-
verified by fitting SPMS derived particle volumes to two log- coupled. This is likely an artifact due to the assumptions
normal distributions and comparing these distributions withmade in decoupling the two modes and, because its effect on
those from the AMS TOF data. The log-normal fit of the the degree of closure is well within the overall uncertainties
SMPS small mode, organic-rich fraction correlated very well described below, it has been disregarded in the analysis. Each

www.atmos-chem-phys.net/6/2513/2006/ Atmos. Chem. Phys., 6, 25232006



2520 K. Broekhuizen et al.: Aerosol -CCN closure in downtown Toronto

5000 saturation conditions. The sensitivity of the closure analysis
0 August27 ] to droplet surface tension was also investigated. The sur-
® o September5 v M face tension of the growing droplet was assumed to be con-

4000 : 3 Ssitﬁgg ig oy v stant and 10% lower than the surface tension of pure wa-

— ter, or 0.065N/m. The ratio of CGNgdictedt0 CCNopserved

£ 30004 | with the lowered surface tension was H2ZN06. Finally,

\35 the effect of organic solubility was investigated. Two anal-

B yses were performed. In the first, the organic carbon in all
E 2000 -] . the particles was assumed to be 10% soluble by mass. In
= the second analysis, the smaller mode was assumed to be
8 1000 completely insoluble and the larger mode was assumed to

have 10% soluble organic mass. In both cases, the soluble
organic component was assumed to be adipic acid, which
-— was chosen because its solubility is representative of solu-
0 600 1200 1800 2400 3000 3600 ble organic compounds found in the atmosphere. The ra-

CCN Measured (cm™) tios of CCNyredictedt0 CCNopservedfor these analyses were

1.16+0.06 and 1.040.05, respectively. The overall con-
Fig. 6. Predicted CCN concentration vs. measured CCN concenlusion to be made is that if the particles are assumed to
trations for the four sample days. The filled symbdil @re for have 10% by mass soluble organic content or a 10% lower
predicted CCN concentrations based on the internally mixed assurface tension, then closure is still obtained within exper-
sumption (see text). The open symbdls) @re for predicted CCN  imental uncertainties. Much higher soluble water contents
concentrations based on two particle modes on September 15 angk lower surface tensions would significantly degrade the de-
16 (see text). The black lines are linear least squares fits of the W@ree of closure obtained. We note that similar conclusions
data sets (slope=1.30.05; slope=1.03+0.05). have been recently obtained in the as-yet unpublished work
of Medina et al. (2005) referred to above. In particular, in that
) ] ) work a similar degree of CCN closure is obtained using AMS
mode was integrated for all particles sizes larger than the acaerosol compositions assuming full organic insolubility and
tivation onset diamete)*, and the sum of the contribution 5 g rface tension equal to water for the growing droplet.
of each mode yielded the total CCN concentration.
Figure 6 shows that the ratio of CGNqicted tO
CCNgpservedis 1.12+0.05 for the simple closure calculation 5 Discussion
assuming internal mixing. However, under the assumption
of external mixing, the ratio of CChkdictedt0 CCNobserved ~ The aerosol mass concentrations in downtown Toronto can
decreases to 1.63.05. Error bars were not included for fig- vary widely, but were often characterized during this study
ure clarity, however, the uncertainties in the measured CCNoy high concentrations of primary organic emissions in the
concentrations are estimated to-h&0% based on previous size range below 0.26m. CCN concentrations were also
studies (Kumar et al., 2003). The largest uncertainty for thehighly variable, ranging from approximately 100tfto
closure analysis is in the predicted CCN concentrations, €s4000 cnt3. Aerosol/CCN closure has been achieved un-
timated at+=25% based on uncertainties in the chamber su-der the stated assumptions for the entire range of CCN con-
persaturation used to calculafe’, the SMPS size distribu- centrations using size-resolved particle mass concentrations
tions, the AMS data, the assumed density and composition ofneasured with the Aerodyne AMS. It should be noted that
the aerosol particles. Note that the standard error associatetiere is not a strong correlation between observed and mea-
with each slope is not as large. Both analyses yield closurgured CCN for 5 September, however, the CCN concentra-
within experimental uncertainties, however, the assumptiorntion is not systematically over- or under-predicted on this
of external mixing is probably more realistic. In the exter- day. To our knowledge, this is the first aerosol/CCN closure
nal mixing scenario, there are significant contributions to thestudy which has been able to achieve closure for an aerosol
total number of CCN from both the accumulation and small population that is strongly influenced by anthropogenic emis-
particle modes. sions. In addition to the Medina et al. (2005) study referred to
A sensitivity analysis was also performed to investigate theabove, it is the first to directly use AMS size-resolved com-

effect of uncertainties in chamber supersaturation, organigosition data to study aerosol/CCN closure.
solubility, and surface tension on the aerosol/CCN closure. Previous laboratory studies (e.g. Bilde and Svennings-
The calculation described above assuming external mixingson, 2004; Broekhuizen et al., 2004a) have shown that, for
was performed for chamber supersaturations between 0.56% relatively insoluble organic particle, small amounts of a
and 0.60%. The ratio of CC\dictedt0 CCNopservegvaried highly soluble inorganic species such as ammonium sulfate
from 1.010.04 to 1.080.05 under these chamber super- or sodium chloride have a large effect on the particle dry
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diameter needed for activation. In fact, a particle with a mass NOAA HYSPLIT MODEL
fraction of only 15-20% ammonium sulfate can be reason- CDC1 Meteorological Data
ably modeled under the assumption that it is pure ammo-
nium sulfate. Furthermore, recent studies (Broekhuizen etf
al., 2004b; Abbatt et al., 2005) have shown that while organic ©
particle oxidation can affect CCN activation, significant or- ™
ganic surface tension effects have not yet been demonstrated;
in the laboratory, especially when highly soluble speciesé
are also present. Aerosol solubility appears to be the driv- 5
ing force behind CCN activation in most cases. Mircea et ,
al. (2005) have recently proposed that the water soluble or-g
ganic carbon fraction must be reasonably well characterized 3
to accurately predict particle hygroscopic growth and acti-
vation. The impact of water soluble organic carbon in this
study, however, is minimal since any soluble organic car-
bon will likely be found in the accumulation mode which is
already dominated by sulfate. The sensitivity analyses per-
formed show that the closure result is fairly insensitive to theFig_ 7. Simulated 48 h back trajectories for the four sample days.

chamber supersaturation. However, the analysis is sensitivene sample trajectories end at 16:00 UTC for all four days. (black
to the water soluble organic content and surface tension oﬁne) 27 August; (red line) 5 September; (green line) 15 September;
the droplets. It is likely that the water soluble organic car- (blue line) 16 September. This plot is a product of the NOAA Air
bon is contained predominantly in the larger particle modeResources Laboratory HYSPLIT model.

and not in the smaller mode due to the probable sources and

histories of the two modes. Under this assumption, the clo-

sure is not significantly impacted due to the fact that the on-ber, had air mass origins in northern Michigan and north-

set activation diameter of the larger mode is dominated byern Ontario, respectively. This was evidenced by low sulfate

the large mass fraction of ammonium sulfate. A reductionand nitrate particulate mass loading, and lowp$0ncentra-

in droplet surface tension also has a significant impact ortions. The particulate mass on those two days was extremely
closure, however, it is difficult to speculate on the surfaceorganic-rich and was likely the result of fresh local emissions

tension of growing droplets in the field. Laboratory studies only. 15 September saw air masses from southern Ontario,
have not conclusively quantified the impact of atmospheri-and Cleveland, Ohio, while 16 September showed trajecto-
cally relevant surface active species on particle activation. ries from Detroit, Michigan and Chicago, lllinois. These two

The aerosol/CCN closure studies which have been sucdays had elevated S@as-phase concentrations, higher sul-
cessful in achieving closure (Liu et al., 1996; Cantrell et fate and nitrate particulate mass loading, high CCN concen-
al., 2001; Roberts et al., 2002, VanReken et al., 2003) havérations and significant upwind and local anthropogenic in-
seen high levels of sulfate, generally larger than 50% byfluence. The AMS TOF size spectra show that most of the
mass. Only the Roberts et al. (2002) study saw significansulfate and nitrate mass was found in the larger accumula-
organic mass fractions (approx. 80%), half of which were es-tion mode with diameters larger than 028. The major-
timated to be water soluble. The latter study’s CCN concen-ty of the particles were below 0.26m and showed strong
trations were well modeled using a three-component modelsignatures of local primary anthropogenic organic emissions
however, the model assumed a completely insoluble organi¢Fig. 4b). The organic-rich, locally derived particles and
fraction. In these studies, data for which closure was notaged particles from upwind sources both contributed to the
achieved were often characterized by large anthropogenicneasured CCN, as evidenced by higher CCN concentrations
contributions or high organic mass loading. on those two days.

To further aid the interpretation of the present closure Few other ground based studies and almost no airborne
study, back trajectory calculations were performed for thestudies have achieved closure, and most have overpredicted
four sample days using the National Oceanic and Atmo-CCN concentrations. It is difficult to assess the reason for
spheric Administration’s (NOAA) Hybrid Single-Particle these discrepancies; however, airborne CCN measurements
Lagrangian Integrated Trajectory (HYSPLIT) modaéttp: are more difficult and may be subject to measurement er-
[lwww.arl.noaa.gov/ready/hysplit4.htmINOAA Air Re- rors related to rapidly changing conditions and insufficient
sources Laboratory, Silver Spring, Maryland). Ground-level,time or spatial resolution. Incomplete or missing composi-
48-hour back trajectories were calculated at noon for eachiion information is often cited as a reason for overprediction
of the four sample days using the CDC1 global reanalysisas well. The recent advances in high time-resolution aerosol
meteorological data. As seen in Fig. 7, the days which expemass spectrometric techniques such as AMS or ATOFMS
rienced low CCN concentrations, 27 August and 5 Septem-and the increasing ability to measure the composition of
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single aerosol particles may allow aerosol/CCN closure to beEdited by: A. Nenes
achieved in a wider variety of conditions and experimental

platforms. Simultaneous RH-TDMA experiments can also

determine aerosol mixing state and soluble organic Carbo'heferences
(Rissler et al., 2004). It is clear that detailed, size-resolved

mass fractions and particle mixing state information may b

. . . eAbbatt, J. P. D., Broekhuizen, K., and Kumar, P. P.: Cloud con-
required to achieve closure under some conditions.

densation nucleus activity of internally mixed ammonium sul-
fate/organic acid aerosol particles, Atmos. Environ., 39, 4767—
4778, 2005.

Albrecht, B.: Aerosols, cloud microphysics and fractional cloudi-

Aerosol/CCN closure has been achieved under the assum&:lfgfrzs’l\SAC';nC%OZeA'S"_'lZiﬁ;:Z?O’Dlgse?'al . Characterization of
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