Atmos. Chem. Phys., 10, 29342 2010 iy —* -

www.atmos-chem-phys.net/10/299/2010/ Atmospherlc
© Author(s) 2010. This work is distributed under Chemls_try
the Creative Commons Attribution 3.0 License. and Physics

Slower CCN growth kinetics of anthropogenic aerosol compared to
biogenic aerosol observed at a rural site

N. C. ShantZ", R. Y.-W. Chang!, J. G. Slowik!, A. Vlasenko"", J. P. D. Abbatt!, and W. R. Leaitch?

IDepartment of Chemistry, University of Toronto, Toronto, Ontario, Canada
2Science and Technology Branch, Environment Canada, Toronto, Ontario, Canada
“now at: Science and Technology Branch, Environment Canada, Toronto, Ontario, Canada

Received: 1 June 2009 — Published in Atmos. Chem. Phys. Discuss.: 23 June 2009
Revised: 27 November 2009 — Accepted: 16 December 2009 — Published: 15 January 2010

Abstract. Growth rates of water droplets were measuredindirect climate forcing effect. The slightly lowesg in the

with a static diffusion cloud condensation chamber in May—biogenic case decreases the number of droplets in a cloud
June 2007 at a rural field site in Southern Ontario, Canadagompared to pure AS.

70 km north of Toronto. The observations include periods
when the winds were from the south and the site was im-

pacted by anthropogenic air from the U.S. and Southern On-
tario as well as during a 5-day period of northerly wind flow 1
when the aerosol was dominated by biogenic sources. The

growth of droplets on anthropogenic size-selected particles

centred at 0.1 um diameter and composed of approximatelf‘emso' particles affect the atmospheric radiation budget di-

40% organic and 60% ammonium sulphate (AS) by mass,reCtly by scattering or absorbing radiation and indirectly by

was delayed by on the order of 1s compared to a pure adacting as cloud condensation nuclei (CCN). If the amount

aerosol. Simulations of the growth rate on monodisperse par@f cloud liquid water does not change with changes in CCN,
ticles indicate that a lowering of the water mass accommodatl€n an increase in the number of droplets leads to a decrease

tion coefficient fromu.=1 to an average @f.=0.04 is needed in the size of the droplets with increasing CCN, thus influ-
(assuming an insoluble organic with hygroscopicity param_encing the radiative properties (Twomey, 1974) and lifetimes
eter, korg, Of zero). Simulations of the initial growth rate on (Albrecht, 1989; Liou and Ou, 1989) of clouds. The ex-
polydisperse anthropogenic particles agree best with obsef€nt of the cloud indirect effect of aerosol particles is highly
vations fore.=0.07. In contrast, the growth rate of droplets Uncertain (IPCC, 2007), and part of this uncertainty is un-
on size-selected aerosol of biogenic character, consisting dferstanding how the organic components contribute to the
~80% organic, was similar to that of pure AS. Simulations formation of cloud droplets. Carbonaceous material repre-
of the predominantly biogenic polydisperse aerosol showS€Nts & significant fraction of atmospheric fine particle com-

agreement between the observations and simulations wheR0Sition (Zhang et al., 2007). Mixtures of organic and inor-
korg=0.2 (with upper and lower limits of 0.5 and 0.07, respec- ganic components are complex and water uptake is difficult

tively) anda,=1. Inhibition of water uptake by the anthro- to characterize_. The literature contgins many exgmples of
pogenic organic applied to an adiabatic cloud parcel modef2Poratory studies of the CCN behawour of organic aerosol.
in the form of a constant low, increases the number of particles (e.g. Abbatt et al., 2005; Cruz and Pandis, 1997;

droplets in a cloud compared to pure AS. If theis assumed Shar_1tz et al., 2003; ShL_JIman et gl., 1996)1 but the focus is
to increase with increasing liquid water on the droplets, then0Ving away from studying organics alone in the laboratory

the number of droplets decreases which could diminish thét"d moving towards studying the CCN character of ambi-
ent aerosols from different sources (i.e. mixtures that may

contain organics) (e.g. Chang et al., 2007; Fountoukis et al.,
Correspondence ta\. C. Shantz 2007; Gunthe et al., 2009; Ruehl et al., 2008, 2009; Shantz
BY (nicole.shantz@ec.gc.ca) et al., 2008; Stroud et al., 2007; Wang et al., 2008).
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Two significant sources of organic aerosols are the oxi-found that approximately 60% of the ambient CCN of ur-
dation products of biogenic emissions (e.g. monoterpeneshan, polluted regional and continental origins grew into cloud
and anthropogenic emissions (primary as well as oxidatiordroplets at a similar rate as ammonium sulphate (AS). They
products of anthropogenic volatile organic compounds, orobserved a number of cases that had a lawerompared to
VOCs). Laboratory proxies of organic biogenic aerosolsAS at various sites.

have been found to be reasonably hygroscopic (e.g. Vesna |n this paper, observations from a field study at Egbert,
et al., 2008; Wex et al., 2009) and CCN active in labora- Ontario, Canada during the late spring of 2007 are used to
tory studies (e.g. Duplissy et al., 2008; Hartz et al., 2005;contrast the CCN cloud droplet water uptake by aerosol par-
Juranyi et al., 2009; Prenni et al., 2007; VanReken et al. ticles containing organics from anthropogenic vs. biogenic
2005). Wex et al. (2009) found that organic particles be-sources. Water uptake growth kinetics were studied using a
came more hygroscopic with increasingly diluted droplets.cloud droplet growth model that utilizasto determine the
Duplissy et al. (2008) observed that the aerosol formed fromhygroscopicity of the organic aerosol (Shantz et al., 2008).
«-pinene oxidation became more CCN active over time whenThe rate of growth of aerosol particles containing anthro-

exposed to sunlight. VanReken et al. (2005) found the CCNpogenic organic components is found to be reduced.
activity to decrease as more oxidation products condensed

on the aerosol in a dark experiment. Field observations
of biogenic aerosols suggest that the organic fraction con- )
tributes to the CCN activity (Leaitch et al., 1999; Shantz 2 Experiment
et al., 2008). In contrast, several field studies focussed on
anthropogenic emissions suggest that CCN closure is easilyhe Egbert 2007 field campaign took place May—June 2007
achieved if an insoluble organic is assumed, showing that thé&t a rural field site in Southern Ontario, Canada, 70 km north
sulphate present in the aerosol dominated the CCN activityf Toronto (44.23N, 79.78 W, see Fig. 1).
(Broekhuizen et al., 2006; Medina et al., 2007; Stroud et al., Much of the instrumentation used during the Egbert 2007
2007). A number of studies suggest that the contribution offield campaign is described by Chan et al. (2009), Chang et
the organic components to the CCN activity increases wheral. (2009), Slowik et al. (2009) and Vlasenko et al. (2009).
more of the organic component is assumed to be soluble (e.grhe focus of this work is on data from a static thermal dif-
Chang et al., 2007; Ming and Russell, 2004). fusion chamber (University of Wyoming Model 100 CCN
The recent introduction of a single hygroscopicity parame-counter) used to study the initial growth rates of cloud
ter, «, reduces the large number of physical and chemical padroplets at a constant supersaturation (Shantz et al., 2003,
rameters (e.g. molecular weight, density, ionic dissociation2008). The experimentally determined supersaturation used
factor) and describes thermodynamical treatment of aerosolin this work is $=0.35+0.05%, found using monodisperse
water vapour equilibrium (Petters and Kreidenweis, 2007).ammonium sulphate (AS) particles as discussed in Shantz et
For aerosols consisting of multiple components, the value ofal. (2003, 2008). The polydisperse ambient aerosol was sam-
Ktot IS given by a superpositiomiot=) _¢;«;, whereg; is the pled directly into the CCN counter and a TSI 3022 Condensa-
volume fraction and is the index representing the individ- tion Particle Counter (CPC) through a 3/8” OD stainless steel
ual species (Petters and Kreidenweis, 2007). This parameteube approximately 3m in length with an intake point ap-
has been estimated for organic particles resulting from theproximately 1 m above the roof of the building. In order to re-
oxidation of biogenic VOCs in smog chamber studies as 0.1duce the effect of dry particle size on the droplet growth rates,
(Juranyi et al., 2009; Prenni et al., 2007) and 0.15 (Engelhartambient aerosol particles were also size-selected with a TSI
et al., 2008) and 0.02-0.05 in a biogenic field study (ShantZ3081 Long Differential Mobility Analyzer (DMA) during pe-
et al., 2008). riods with measurable particle number concentrations. Af-
Leaitch et al. (1986) showed that growth kinetics can con-ter size selection, the nearly monodisperse particle flow was
trol droplet number concentrations, and Chuang et al. (1997¥plit for measurement using the CPC and the CCN counter.
showed that neglecting kinetic limitations on the water up- Measured ambient growth rates from the CCN counter were
take of cloud droplets can lead to overestimations in cloudcompared to those of pure AS calibration aerosol at simi-
radiative forcing calculations. The water vapour mass acdar size and number concentration as the measured ambient
commodation coefficienty., can have a strong effect on the aerosol, thus focussing on the effects of the chemical com-
condensation rate of water and remains an outstanding urposition alone. The AS calibration aerosol was nebulized,
certainty in quantifying the indirect effect of aerosols on cli- dried, neutralized, and then size-selected with the DMA. The
mate forcing. Literature values af span 2 orders of magni- ambient size-selected aerosol was not dried prior to sam-
tude, from 0.01 to 1 (e.g. Davidovits et al., 2004; Laaksonenpling but because particles would have tended to dry out as
et al., 2005; Marek and Straub, 2001; Mozurkewich, 1986;they travelled to the warmer temperatures inside the sam-
Voigtlander et al., 2007 and the references therein) and havpling building and the sheath flow in the DMA was dried,
been estimated to be as low as 2Cfor organic films on  we believe the sampled particles would have very little water
cloud droplet surfaces (Chuang, 2003). Ruehl et al. (2008kontent.
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Fig. 1. Back trajectory analyses from the NOAA Air Resources Laboratory-HYSPLIT progrartafan anthropogenically-influenced
period (7 June) anfb) a biogenically-influenced period (13 June). Egbert, Ontario is the trajectory end point.

Ambient aerosol particle size distributions between of the parcel model that simulates droplet growth within the
0.01pm and 0.4pum geometric diameter were determinedCCN counter (hereafter CCNc model) by applying a tran-
with a Scanning Mobility Particle Sizer (SMPS) comprised sient and then constant supersaturation environment to the
of a TSI 3071 DMA and a TSI 3010 CPC (TSI Inc., St. Paul, particles (Shantz et al., 2003, 2008).

MN, USA). The uncertainty in the number concentration is
limited only by the uncertainty in the flow of the CPC which
was estimated to be 10% (TSI Manual).

A time-of-flight (C-ToF) Aerosol Mass Spectrometer
(AMS) (Aerodyne Research, Inc., Billerica, MA, USA) pro-
vides size-resolved, non-refractory chemical composition o

Some assumptions made in all simulations are as follows:
a thermal accommodation coefficient of unity, spherical par-
ticles that are internally mixed and the compounds present
in the particles/droplets do not chemically react with each
fother. The simulations are initiated with lognormal parti-
cle size distributions based on observations. The simula-
Yions incorporate the use of the hygroscopicity parameter,
Kk, introduced by Petters and Kreidenweis (2007), to evalu-
sity and Dgeo is the geometric diameter. Detailed descrip- ate the water uptake qf ambient pa_rtlcles containing organ-
. : . e ics but thisk does not incorporate time varying dissolution
tions of the AMS design, operation, quantification meth- . ) )
. . Petters and Kreidenweis, 2008). Organic parameters that
ods and calibration procedures are given elsewhere (Cane{- . .
) . i affect water uptake, such as molecular weight and density,
garatna et al., 2007; Drewnick et al., 2005; Jayne et al., 2000\'/ar reatly in the atmosphere and are largely unknown and
Jimenez et al., 2003; Liu et al., 2007). The mass concentra y9 y P gely

. . . “thus the use of groups them all into one quantity. Gener-
tions have been corrected for an average collection efﬁmencyén with this «-model. the surface tension of water is used
of 0.6 determined for this study (Slowik et al., 2009). 4 '

(72.15dynecm?) and it is assumed that captures all the
variation in an aerosol’s CCN activity arising from chemical
3 Simulations composition including any reductions in surface tension due
to surface-active species (even though the surface tension is
There are two versions of a model used in this work; the dif-not explicitly defined in the formulation). It was assumed
ference between them is only with how the supersaturatiorthat all measured inorganics from the AMS were modelled as
is defined. Section 4.4 uses an adiabatic cloud parcel modeAS, which has aas=0.61 (Petters and Kreidenweis, 2007).
(hereafter ACP model), described by Leaitch et al. (1986)Sensitivity tests to ammonium nitrateagy=0.67) show very
and Shantz et al. (2003), where the rate of cooling of the aifittle difference from the AS simulations. To investigate the
parcel plus the rate of water uptake are used to calculate thebservations, we use 2 adjustable parameters for matching
supersaturation. Sections 4.2 and 4.3 use a modified versiotie simulations to the observed growth curvesy ando..

0.04-0.7 um vacuum aerodynamic diamefy.), where for
spherical particle®y,=p, Dgeo, Wherep,, is the particle den-
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Fig. 2. Time Series from Egbert 2007 (&) wind speed, colour-coded to wind direction (reds=south winds, blues=north w{h)lsyganic,

sulphate and nitrate mass concentrations from the C-ToF AMS@retacked PMF factors for the organic mass concentration from the
C-ToF AMS (details on the PMF factors in Slowik et al. (2009) and Chang et al. (2009)). Indicated in black lines are the case study periods
discussed in this paper. Dates/times are in EDT, local time (LT).

These parameters are independent in terms of the formulad Results and discussion

tion used here, but in reality there may be some connection

between the two. Various organigrg values are tested in 4.1 Time series overview

Sect. 4. For pure AS simulations, we assume a mass accom-

modation coefficient o&.=1 (Davidovits et al., 2004; Laak- Figure 2 shows a time series of wind speed and direction

sonen et al., 2005; Mozurkewich, 1986; Vodgitler et al.,  (Fig. 2a, dates/times are in local time, LT, Eastern Day-

2007). For ambient aerosols containing organics, a variety ofight Savings Time, EDT), and the particulate mass con-

a. values are tested in Sect. 4. centrations from the AMS (Fig. 2b). In Fig. 2c, the or-
ganic component is represented as the time series of four fac-
tors obtained by positive matrix factorization (PMF) analysis
of the AMS mass spectra, described in detail in Slowik et
al. (2009) and briefly summarized below. PMF analysis rep-
resents the AMS organic mass spectral time series as a lin-
ear combination of factor mass spectra and their correspond-
ing time series. The analysis yielded four distinct factors
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(1) hydrocarbon-like organic aerosol (HOA), correlated with the chemical composition without significant influence of the
tracers for primary anthropogenic emissions; (2) biomasssize distribution.
burning organic aerosol (BBOA), a slightly oxygenated fac- The data of Fig. 3 were collected during a period when
tor with a mass spectrum similar to levoglucosan; and (3 andhe winds were from the southwest (Fig. 1a) and the aerosol
4) two oxygenated organic aerosol factors, denoted OOA-lhad been transported over populated Southern Ontario and
and OOA-2. Here OOA-1 is the more oxygenated factor andthe Ohio valley. Figure 3a shows the growth curves of am-
correlates with tracers for long-range transport (e.g. particubient anthropogenic aerosol (size-selected to a diameter of
late sulfate), while OOA-2 correlates with VOCs indicative 0.1 um with a geometric standard deviationogf1.1 and
of more recent oxidation (e.g. methacrolein and methyl vinylan aerosol number concentratiaN,{ of 220.9+0.7 cnt 3,
ketone, oxidation products with atmospheric lifetimes of ap-where the error is 2 standard error) and AS calibration
proximately half a day). As discussed elsewhere (the revisederosol (0.1 umg,=1.1 andN,=219.8:2.2 cnm3). The AS
version of Slowik et al., 2009), the OOA-1 and OOA-2 fac- calibration aerosol begins to accumulate water at approxi-
tor mass spectra are similar to those of low-volatility OOA mately 2 s and grows through 8 s. After 8 s, the water droplets
(LV-O0A) and semivolatile OOA (SV-OO0A), respectively begin to fall from the detection region and the signal de-
(Jimenez et al., 2009). Because tracer correlations suggesteases. The maximum voltage for AS reaches a higher value
that the Egbert time series are primarily driven by factorsthan the ambient aerosol, suggesting more CCN activated in
other than volatility, the more general OOA-1/O0OA-2 termi- the AS case compared to the ambient. Comparing the ini-
nology is used here. tial growth of the ambient anthropogenic aerosol relative to
Air reaching the site from the south is typically influenced the AS particles, it is clear that the anthropogenic aerosol is
by anthropogenic sources from the U.S. and the highly popudelayed in its initial growth compared to AS.
lated Southern Ontario region (e.g. 7 June in Fig. 1a). During A droplet growth model that mimics the chamber super-
times of southerly winds (Fig. 2a, red shades), higher massaturation (the CCNc model, Sect. 3) was applied to investi-
concentrations of organic and sulphate were measured (e.g@ate possible explanations for the delayed growth of the am-
30 May—4 June and 7-9 June in Fig. 2b). bient aerosol. The model is initiated with nearly monodis-
When winds were from the north (Fig. 2a, blue shades),perse particles with approximately 87% (by number concen-
the aerosol mass concentrations were usually lower (Fig. 2b)tration) of the dry particles centred at 0.1 um and 13% of the
An exception to this was near the end of the study, 9-13dry particles centred at 0.14 um (the doubly charged particle
June, when north winds persisted (with few anthropogenignode that exit the DMA). Figure 3b shows the model results
sources) and air reaching the site had travelled over a largécross section, right axis) limited to 5s as well as the ob-
fetch of mixed forests (e.g. 13 June in Fig. 1b). Figure 2bserved growth rates (voltage, left axis) for AS and ambient
shows the organic mass concentration increased steadily ovaerosols from Fig. 3a. Only the first 5s are shown as the
this time period. The gas-phase and aerosol signatures agodel does not include the droplet gravitational settling as
well as regional modelling indicates that the origin of most the droplets grow larger. The left and right axes are scaled
of the organic aerosol during this period was from the oxida-according to the AS calibration results (Shantz et al., 2008).

tion of biogenic precursors (Slowik et al., 2009). For the pure AS simulation, we assume that the water mass
accommodation coefficient,, is unity; the droplets formed
4.2 CCN growth kinetics of monodisperse aerosol on AS grow to 1.4 um diameter by 5 s into the simulation.

Figure 3c shows the AMS time-of-flight chemical com-

Examples of droplet growth curves of size-selected ambienposition measurements. Thgy, were converted t@geo
particles compared to AS particles $£0.35% are shown by assuming spherical particles and using the follow-
in Figs. 3a and 4a. The CCN counter raw detector voltageng material densitiespas=1.77 gcnt3 (CRC, 2004) and
depends on the size distribution and the chemical composipog=1.3 g cnt3 (Cross et al., 2007). The mass fractions of
tion of the dry aerosol particles and the size of the growingthe ambient particles were estimated from the data shown in
droplets. Traditionally with this CCN counter, the maximum Fig. 3c to be 62% AS and 38% organic Ages=0.08-0.12
voltage (as observed around 10 s in Figs. 3a and 4a) is used fom with midpoint Dge=0.1 pm; these mass fractions were
determine the CCN number concentration based on a calibraised in all 7 June simulations shown in Fig. 3b, except the
tion with an inorganic aerosol such as ammonium sulphatepure AS simulation.
Due to uncertainties associated with the relationship between If the organic present in the 7 June case was not contribut-
voltage and CCN counts, we focus only on the kinetics ofing at all to the water uptake, and only the AS present in the
droplet growth. aerosol is contributing to the water uptake, we would expect

In this section, we eliminate the effects of the number con-a delay relative to the pure AS growth rate, but is it as signif-
centration and the size of the dry particles by size-selectingcant as what was observed in Fig. 3a? We perform a simu-
a nearly monodisperse ambient aerosol and comparing it téation assuming a mass accommodation coefficient.ofl.,
an AS calibration aerosol at the same size and number cora xas of 0.61 (Petters and Kreidenweis, 2007) anehg of
centration. By doing so, we are able to study the effects of0 (i.e. the organic was assumed to not contribute to the ini-
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Fig. 3. 7 June 2007, 17:00-18:00 LT anthropogenic case with south w{aji©bservations of CCN counter droplet growth rates (shown

as a voltage) on particles size-selected to 0.1 pm diameter (d§y0a85% and number concentrations of 215-2258nThe bottom axis

is the sample time as the particles activate and grow into cloud drogl@tShe observed growth rates from the CCN counter fi@n
correspond to the left axis. The right axis shows the droplet cross-sectional area calculated in the simulations. The simulations assume
62% AS (as=0.61) and 38% organiagrg varied) mass fractions for a nearly monodisperse aerosol centred around 0.1 um. This figure

is constrained to 5s because the model does not simulate the droplet gravitational sgftIMgss distributions from the AMS particle
time-of-flight measurements (right axis) and number size distributions (left axis) from the SMPS. The bottom axis shows the geometric
diameter (converted fromya assuming a particle density=1.63 g cnt 3, calculated assumingas=1.779 cnt3 andporg=1.39 cnt3).

tial water uptake). Although there was a slight delay in this uptake. This kinetic inhibition was also observed in polluted
simulation compared to the AS simulation, it is not nearly air masses in continental USA (Ruehl et al., 2008, 2009).
as significant as the observed delay. Sikngg=0 is already =~ However, if there was an organic film present, it is possible
underestimating the observed delay, increasiggwill not that the organic film would break, would no longer impede
help achieve agreement between the observations and simvater uptake and thus would grow readily (Feingold and
ulations, as shown in Fig. 3b. Instead, lower valuestof Chuang, 2002). Increasing hygroscopicity with increased
(0.04-0.06) are necessary to produce the observed delaydroplet dilution has been observed (Wex et al., 2009). In fact,
These results suggest that the organic compounds present iha, increases with the accumulation of water on the parti-
the ambient aerosol inhibited initial water uptake by thesecles, then it may explain the rise in the ambient growth curve
CCN. The possibility of an organic coating suppressing hy-after 4 s. The effect of an increasing with water uptake is
groscopicity was observed elsewhere (Johnson et al., 200%Iso shown in Fig. 3b, with the best match to the observations
where volatilization of a low solubility organic that may have simulated with an initiak.=0.008 and increasing,. expo-
coated the particles resulted in a clear increase in the watamentially up to unity (determined by comparing simulations

Atmos. Chem. Phys., 10, 29342 2010 www.atmos-chem-phys.net/10/299/2010/
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Table 1. Observations from the size-selected nearly monodisperse ambient aerosol of stronger anthropogenic influence. Simulations were
used to determine, for the anthropogenic cases compared to AS calibration simulations (assumipfgunity). The organics in the
simulations are assumed to haxgyg of zero.

Date Time Dgeo Number  Organic Inorganic  Approx. «. estimated «, midpoint
(dd mmm) (um)  conc. mass mass delay range of estimated
(cm—3)  fractionat fractionat time range
Dgeo Dgeo ™ (s)
27 May 13:33-14:05 0.12 95-105 0.53 0.47 1 0.03-0.05 0.04
07 June 16:37-16:42 0.10 285-295 0.40 0.60 1 0.04-0.07 0.055
07 June 16:44-16:58 0.10 265-275 0.40 0.60 1.25 0.03-0.05 0.04
07 June 17:01-18:00 0.10 215-225 0.38 0.62 1 0.04-0.06 0.05
07 June 18:00-18:17 0.10 205-215 0.39 0.61 0.75 0.05-0.07 0.06
08 June 11:26-11:46 0.10 65-75 0.48 0.52 1 0.01-0.03 0.02
Averageo, 0.04
Standard deviation af, 0.01

* All observed inorganics are assumed to be ammonium sulphate pyitbf 0.61

and observations) based on the liquid water content (LWC)of the aerosol is organic. Although our previous field stud-

of the droplets (in each size bia,=0.008exp(5e11LWC) ies have indicated a CCN-active biogenic aerosol (Leaitch et
where LWC is in units of grams of #0 cm3). This simu-  al., 1999; Shantz et al., 2008), the comparable CCN activ-
lation seems to capture the curvature of the observations thity between the organic-dominated aerosol and the pure AS
best, suggesting an organic film may have initially inhibited aerosol observed at Egbert was unexpected. In fact, if we ap-
the water uptake but broke apart as the water accumulated goly a constant CCN number concentration calibration to the

the droplet. maximum voltages, more CCN are activated in the ambient

This analysis was performed for 6 anthropogenic caseé)Iogenlc case than the pure AS cghbraﬂon .aero.sol. How-
when the aerosol was size-selected to 0.1 um observed ope" the ac_arosol numbers are relatlyely low in th|s case and
3 different days during the field campaign and the resultsthe est|mat|01j Okorg from the comparison of the simulations .
are summarized in Table 1. The delays in the initial growth and observations cann'ot be.constra'lned. We evaluate possi-
rates of the CCN droplets were estimated by comparing théDle xorg values for the biogenic case in Sect. 4.3.
ambient growth rate with the corresponding AS calibration L .
growth rate at the same size and number concentration. Thé'3 CCN growth kinetics of polydisperse aerosol
a, ranges from 0.01 to 0.07 and the meanis 0.04. This

I ; ith | ho f \We compare the anthropogenic and biogenic CCN abili-
result may be consistent with Stroud et al. (2007) who oundties further using polydisperse data from different days at

that“C:O'_()7 was needed to_ achieve clo_sure in a case StUd%:O.SS%. Because we could not produce an AS calibration
of a pollution episode and with Fountoukis and Nenes (2005)With the exact polydisperse ambient aerosol size distribution,

who repcl)rtedxczo.z42 Ias an optimal value. In thghpr €SeNt e rely on the model described in Sect. 3 to study the effects
case, a lowcorg and a lowera, or increasingx. with in- of chemical composition on water uptake.

creasing LWC best describes the droplet growth of the an- Figure 5a shows the droplet growth rates of the anthro-

thropogenic aerosol. pogenic aerosol observed from the CCN counter for 1 June,
The water uptake growth rates of the aerosol measureds well as the CCNc model simulations. The error bars show
during the biogenic period, when the air travelled from the the uncertainties that arise from errors in the calibrated su-
northeast (Fig. 1b), sampled with the CCN counter is shownpersaturation. The model size distribution assumption (based
in Fig. 4a. The ambient biogenic aerosol was size-selectedn the SMPS) was set up as shown in Fig. 5b. From the
to a diameter of 0.12 pm witl,=37.14+0.2 cnt 3 (erroris 2~ AMS chemical mass distribution (Fig. 5b), the growth rates
x standard error) and the AS calibration aerosol at 0.12 pmwere modelled assuming that modes 1 and 2 consist of 50%
with N,=39.0+1.2 cn13 and both with a variance of,=1.2. AS and 50% organic and mode 3 consists of 60% AS and
The pure AS case is different from that shown in Fig. 3a be-40% organic (mass fractions) wiktyg=0. The best match
cause of the lower number concentration in the case showwith the observations is for the assumptiona@f0.07 and
in Fig. 4a. Figure 4b shows this period was dominated by« can be constrained within the supersaturation uncertainty
an organic aerosol. Growth of this biogenic aerosol is notto «.=0.05-0.11, which are at the upper end of the result for
delayed relative to the AS aerosol even though the majoritythe size-selected anthropogenic aerosol (Sect. 4.2).
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Fig. 4. 13 June 2007, 11:45-12:30 LT biogenic case with

north winds. (a) Observations of CCN counter droplet growth
rates on particles size-selected to 0.12 pm diametef=8t35%
and number concentrations of 3545t (b) Mass distribu-

tions (11:00-12:00) from the AMS particle time-of-flight measure- 4 4 adiabatic cloud parcel model simulations
ments and number size distributions from the SMPS (11:45-12:30).

The bottom axis shows the geometric diameter (converted fro
Dy assuming a particle density=1.38 géﬁ; calculated assuming

pas=1.77 gcnm 3 and porg=1.3 g cn 3).

ative to the assumed value. We do not attempt to specify
which component(s) are responsible for changes irthe

The AMS PMF analysis suggests that the anthropogenic
organic aerosol has a higher OOA-1 fraction (the more oxy-
genated factor) than the biogenic aerosol (Fig. 2c); the latter
aerosol perhaps consisted of freshly emitted, small and sol-
uble organic compounds that activate readily. However, the
overall oxygen to carbon ratio, which is proportional to the
AMS m/z44/total organic (Aiken et al., 2008), is similar be-
tween the time periods discussed here (7 June 10:00-18:00:
m/z44/total organic=0.1180.007, 1 June 10:26-11:061/z
44/total organic=0.1160.008 and 11 June 14:45-15:38B/z
44/total organic=0.11#0.004). The fact that the anthro-
pogenic aerosol with more OOA-1 exhibits characteristics
that appear to slow down the rate of water uptake and that
the biogenic aerosol with more OOA-2 (the less oxygenated
factor) takes up water readily is counter to the more com-
mon concepts of organic CCN activation (Kanakidou et al.,
2005) and it is not clear which compounds lead to this re-
sult. We suggest the possibilities that the more aged an-
thropogenic organic components may have a higher average
molecular weight which would cause them to be less hygro-
scopic, and/or that the water uptake suppression may be due
to organic films arising from the HOA coating of the aerosol,
which would reduce the CCN activity. However, because
we are comparing organic compounds from different sources
and the individual types of organics measured in both of these
cases are unknown, we can only speculate on the differences
between the CCN activity of the anthropogenic and biogenic
organic aerosols.

™ he results from the previous sections were used in the ACP

model (Sect. 3) to consider the impact of the initial water up-
take delay on the number concentrations of cloud droplets.
Table 2 shows the number of activated drople¥g)(above

the maximum supersaturation in a cloud for updraft veloci-

Following the same procedure for a biogenic case (Fig. 6ties of 20 cms* and 100 cmst and for aerosol number and
with chemical composition assumptions that all 3 modes arechemical size distributions represented by the anthropogenic
20% AS and 80% organic), we find tha§,4=0.2 (0.07 in the
first few seconds of growth) ang.=1 gives the best agree- sjze distributions are scaled to 1500¢Htotal number con-
ment between the model and the observed growth curvesentration for simpler comparison.

The rangexorg=0.07-0.5 demonstrates that the values are The biogenic simulation includeaorg=0.2 and a=1
within the supersaturation uncertainty. The biogenic organic(Sect. 4.3) as well as a base case of pure AS with the same
contributes to the water Uptake in this case as the levels Oéize distribution. For these assumptions’ Nugare 0.80—

sulphate are relatively low. These polydisperse experiment$) 89 of then, for pure AS due to a lowetorg (0.2) tharas
corroborate the findings from Sect. 4.2, that the monodis-(0.61).

perse hiogenic case was CCN active.

For the above simulations, we had assumed a surface ter.=0.04 (the average value found in Sect. 4.2) and a varying
sion of water (72 dynescnt). With the x-model, a sur-
face tension assumption is required but when determiningin. The anthropogenic 1 June simulation includgg=0
the value ofkorg the effects of all changes in the chemical and«,.=0.07 (from Sect. 4.3) and a varying. The base
composition on the initial water uptake of these particles arecases for each anthropogenic case were run with the same
incorporated,; this includes any change in surface tension relehemical size distributions but with.=1 and then for a pure

Atmos. Chem. Phys., 10, 29812 2010

(7 June and 1 June) and biogenic (11 June) observations. All

The anthropogenic 7 June simulation includgg=0 and

a, that increased with increasing LWC in each particle size
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Fig. 5. 1 June 2007, 10:26-11:05 LT anthropogenic case with south wiasObservations of CCN counter droplet growth rates for
polydisperse ambient aerosol measuresi=8.35%. The red solid line is the observed growth rate from the CCN counter (left axis) and all
other curves are the modelled growth rates shown as cross-sectional area (right axis). The error bars demonstrate simulations performed ¢
S=+40.05% to reflect the error in the calibrated supersaturatfobpObserved (from the SMPS measurements, shown in black, with error
bars=2x standard error) and modelled (pink) humber size distribution (left axis) and observed mass distributions from the AMS particle
time-of-flight measurements (right axis). Tiikg have been converted to geometric diameter assuming a particle density:1.53f,g cm
calculated assumingas=1.77 g cnm> and porg=1.3 g cn3.

AS anda.=1. The delay observed for the anthropogenic 7 which thea, remains lower, are unable to activate. Thus, de-
June case modelled with a constant laweads to arv,; that pending on if and how, changes during the condensation

is 1.18-1.62 times higher than the case with the same chemprocess, the anthropogenic organic components may either
cal compositions but witlr.=1 (Table 2). This lowetr. also enhance or diminish the indirect effect. A similar trend was
results in anV, that is 1.04—1.29 times higher compared to observed in the anthropogenic 1 June simulations. Overall,
that for the pure AS case{=1). If we assume. increases these simulations suggest that the delay in the anthropogenic
with the accumulation of water on the particles, as discusse@erosol water uptake and the biogenic aerosol's lowgy

in Sect. 4.2, theV,; decreases compared to the constant compared tacas may lead to slightly loweV; than pure
simulations in the 100 cnT$ simulation. In this case, the AS. The exception to this is if the. remains low throughout
larger particles activate readily, increasing theirand de-  the droplet growth process; a possibility that seems unlikely.
pleting the excess water vapour so that the smaller sizes, for
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Fig. 6. 11 June 2007, 14:45-15:35 LT biogenic case with north wit@<bservations of CCN counter droplet growth rates for polydisperse
ambient aerosol measuredsat0.35%. The green solid line is the observed growth rate from the CCN counter (left axis) and all other curves
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A second effect that shows up in the modelling is of somecomponents from anthropogenic sources are present in the
significance to the indirect effect. Hypothetically, if the up- aerosol.
draft velocity is the same but one case has a reduced growth With a persistent smaller,, the N, is higher because the
rate compared to the other, then the adiabatic cloud LWC hasloud base supersaturation is increased. However, the effect
to be reduced. Even i¥; increases, persistently low growth of the higherN; may be offset by a reduction in LWC. In the
rates (i.ea.=0.04) reduce the LWC compared to simulations more likely situation where the, starts relatively low and
with a.=1 (Table 2). At the lower updraft speed, the reduc- increases as the droplets increase in size, the change in the
tion in LWC for the variablex, is about 0.02%, whereas the growth rates reduces thé; and LWC.
reduction for the higher updraft is 0.24% (7 June) or 0.12%
(1 June) compared to pure AS. This indicates that at least at
cloud base and for higher updraft speeds, there can be insuffi-
cient time for the droplets to reach equilibrium when organic
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Table 2. Simulations from the adiabatic cloud parcel model for anthropogenic and biogenic case studies assuming the surface tension of
water. The total mass fractions, hygroscopicity parametersuid mass accommodation coefficients)(are unitless. The number of
droplets (v;) and liquid water content (LWC) found in these simulated clouds is determined well above the maximum supersaturation (80 m
above cloud base) for 2 updraft velocitied,(20 and 100 cms!. “Anth” is anthropogenic aerosol, “Biog” is biogenic aerosol and “AS”
indicates simulations that were run using the ambient size distribution from the date indicated but with the composition as pure ammonium
sulphate. All simulations are scaled to the same total number concentration of 15804ls0, only particles>0.05 um are simulated here.

Date Case Total Mass «korg kas LwcC Ny
(dd mmm) Fraction (gm3) (cm~3)

Org. Inorg? u=20 u=100 u=20 u=100

cms!t cms! cms! cmst?

7 June Anth  0.37 0.63 0 0.61 0.04 0.17946 0.17507 280 991
7 June Anth  0.37 0.63 0 0.61 0.0081 0.17965 0.17525 237 564
7 June Anth  0.37 0.63 0 061 1 0.17965 0.17539 237 610
7 June AS 0 1 N/A 061 1 0.17969 0.17568 268 766
1 June Anth  0.40 0.60 0 0.61 0.07 0.17966 0.17544 325 926
1 June Anth  0.40 0.60 0 0.61 0.0081 0.17976 0.17571 293 755
1 June Anth  0.40 0.60 0 061 1 0.17976 0.17571 293 755
1 June AS 0 1 N/A 061 1 0.17980 0.17592 325 926
11 June Biog 0.78 0.22 0.2 061 1 0.17974 0.17585 292 884
11 June AS 0 1 N/A 061 1 0.17976 0.17597 364 993

@ All observed inorganics are assumed to be ammonium sulphate
b «. is assumed to start at.=0.008 and increase exponentiallyotp=1 as the amount of liquid water on the droplets increase

5 Conclusions tion, possibly due to the formation of an organic film that
coated the aerosol/droplet. Even though the biogenic aerosol
In this study with biogenically and anthropogenically- appears to be fresher, it takes up water readily perhaps be-
influenced air, kinetics of the initial growth of cloud droplets cause the fresh secondary organic compounds from the oxi-
in a CCN counter were measured and simulatesEfx35%.  dation of forest emissions may be soluble (e.g. Engelhart et
The organic components in the anthropogenic aerosol dedl-, 2008; Hartz et al., 2005). Ruehl et al. (2008, 2009) ob-
layed the initial growth of these particles into cloud droplets served droplet growth inhibition (compared to lab-generated
when compared with a pure ammonium sulphate (AS)AS) for aerosols in polluted air masses, consistent with the
aerosol Pges=0.1 pum). The best agreement between the ob-findings from our study.
servations and simulations was found for this set of parame- Applying these findings in an adiabatic cloud parcel
ters: korg=0 and an average mass accommodation coefficienfnodel, we find that the delay in the anthropogenic aerosol
of «.=0.04 for the monodisperse aerosol simulations andvater uptake could increase (constant ley) or decrease
«.=0.07 for the polydisperse aerosol simulations. A range(increasingx. with increasing liquid water on the droplets)
of korg Values are possible for the anthropogenic scenarioghe number of dropletsV;, compared to either an aerosol
as changingeorg did not affect the growth rates to a great With the same chemical composition amd-1 or a pure AS
extent and thusorg could not be constrained. A different aerosol also withw=1. If o, starts at a lower value and in-
effect was observed for fresher biogenic particles, where thé&reases as more water accumulates on the droplet, the model
organic-dominated particles exhibited similar initial growth results show a lowen, and liquid water content, which
rates as pure AS particles (monodisperse observations). THaightly reduces the indirect effect. The biogenic aerosol's
best agreement between the polydisperse observations arfdrg @lS0 appears to lead to slightly lowaf; compared with
simulations in these cases was found for this set of paramethe pure AS simulation.
ters: korg=0.2 (with a range from 0.07 to 0.5 within the mea-
sured supersaturation uncertainty) ang1l. Higher values
of korg are possible for the biogenic scenario but that requires
decreased. in order to match the modelled and observed
growth rates. The delay in the initial growth of the cloud
droplets on anthropogenic aerosols suggest organic inhibi-
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