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Abstract. Organic matter represents an important frac-1 Introduction
tion of the fine particle aerosol, yet our knowledge of the
roles of organics in the activation of aerosol particles into
cloud droplets is poor. A cloud condensation nucleus (CCN)
counter is used to examine the relative growth rates of clou

droplets for case studies from field measurements on th%pheric aerosol particles have varying abilities to nucleate

North Pacific Ocean and in a coniferous forest. A model - . -
) . cloud droplets depending on the size and composition of the
of the condensational growth of water droplets, on particles P P 9 P

dissolvi ding 1o their solubility i ter i dt particles. Historically, it was believed that primarily highly
1ssolving according to their Solubility In waler, IS used 1o o) 1y ¢ inorganic species, such as sulphate and sea salt, con-
simulate the initial scattering of the droplets as they grow

. . ? _~“tributed to cloud droplet growth. More recently, it has be-
in the CCN counter. Simulations of the growth rates of fine come apparent that organics are a significant component of

particles sampled in the marine boundary layer of the Norththe atmospheric aerosol, but we lack sufficient knowledge

Pacific Ocean shows no evidence of natural marine Organi%bout how organic compounds act as cloud condensation nu-

material contributing to the CCN water uptake but there Sclei (CCN), and this contributes to the large uncertainty in the

an !nd.|cat|on of an |-nflue-ncg frqm organics from diesel Sh'.pindirect effect (IPCC, 2007). There may be thousands of in-
emissions on the size distribution of sulphate and the abil-

) . ) : dividual species comprising the organic aerosol fraction and
gyr?/f ttih(;se p;%\rlgf[:lt?sutc; ?(Ct a; bCiCN.n?ml:lat:lci)ns;o: tgel ob 'rcharacterization of the organic constituents in the atmosphere
ervations ot water uptake on biogenic organic aerosol parg, , o only scratched the surface (e.g. Alves et al., 2001; Car-
ticles sampled in a coniferous forest indicate an impact of

h . th ‘ take rates. but that i t_“\/alho et al., 2003; Gao et al., 2003; Graham et al., 2003; Yu
€ organic on the water uptake rates, but one that 1S still,, al., 2005). Because the known organic compounds range

smaller thgn that of pure sulpha_lte. The existence of organic§rom soluble to insoluble (Saxena and Hildemann, 1996), the
becomes important in determining the water uptake as the or; uestion of how the particulate organic contributes to cloud

ganic mass increases relative to sulphqte. The values of th roplet growth is more difficult.
organic component of the hygroscopicity parametehat ) _
describes the CCN activity were found to be negligible for ~ The complexity of the organic aerosol has led some, when

the marine particles and 0.02—0.05 for the forest particles. €xamining aerosol-CCN and aerosol cloud droplet closure,
to assume that the entire aerosol mass was inorganics such

as sulphate. In some cases, this assumption has led to rea-
sonable agreement between the observed number of cloud
droplets or CCN (e.g. Conant et al., 2004; VanReken et

Correspondence ta\. C. Shantz al., 2003). In other cases, the agreement was relatively
BY (nicole.shantz@ec.gc.ca) poor and a lack of information about organics is one of the
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One of the largest uncertainties in determining the human
impact on the global climate is the effect of aerosol parti-
les on clouds or the indirect effect (IPCC, 2007). Atmo-
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explanations (e.g. Snider et al., 2003). Some found thabrganic fraction, knowledge of the chemical composition
the inorganic mass present during the field measurement&@nd thus the solubility) of the water-soluble component of
accounted for the majority of the water uptake or CCN ac-the aerosol is needed.
tivity and the organic mass did not contribute substantially The delay in the growth of cloud droplets formed on or-
to the water uptake; thus the organic could be assumed tganic particles due to reduced solubility observed in a labo-
be insoluble (Broekhuizen et al., 2006; Cantrell et al., 2001;ratory and modelling study can have a significant effect on
Fountoukis et al., 2007; Lowenthal et al., 2003; Medina etthe ability of particles to activate in clouds in the atmosphere
al., 2007; Roberts et al., 2002). Chang et al. (2007) foundShantz et al., 2003). The effect of the slow dissolution of or-
specific times of high organic mass during a field study whenganic compounds can be more profound in a rising air parcel
the insoluble organic assumption led to an underestimatiorwhere growing droplets (and the subsequent water depletion)
in the number of CCN, and it was necessary to assume thadffect the cloud supersaturation than in a CCNc, where the
water uptake by the organic was significant. Organics havesupersaturation is held constant.
been shown to contribute to water uptake at relative humidi- The work presented here extends the approach of Shantz et
ties less than 100% (e.g. Dick, 2000; Gysel et al., 2004), andil. (2003) to field observations. The initial growth of aerosols
Kreidenweis et al. (2006) suggest that treating the slightlyas they activate into cloud droplets is examined using mea-
soluble component of the aerosol as either fully soluble orsurements from two field projects, one sampling from a ship
fully insoluble may be the reason why closure has not alwayson the North Pacific Ocean as part of the Canadian Surface
been achieved for polluted air in field measurements. Ocean and Lower Atmosphere Study (C-SOLAS) and one
Overall, organic particles tend to be less soluble thansampling in Golden Ears Provincial Park on the west coast
the major inorganic compounds in the atmospheric aerosolof Canada. These sites provide strong contrasts, a marine
which may lead to delayed particle activation (Shantz et al..,environment with the aerosol mass dominated by sulphate
2003; Shulman et al., 1996). Organic compounds may alsgPhinney et al., 2006) and a forest site with a small urban
inhibit the condensation of water (e.g. Cantrell et al., 2001;influence and dominated by organic aerosol (Shantz et al.,
Feingold and Chuang, 2002). On the other hand, organ2004).
ics may decrease the surface tension of a droplet, tending A model that treats changes in droplet growth with re-
to increase its ability to take up water (Anttila and Ker- spect to time (including the dissolution of organics as wa-
minen, 2002; Ervens et al.,, 2004; Facchini et al., 1999;ter is added by condensation) and the Mie scattering off of
Mircea et al., 2002; Shulman et al., 1996). This surfacethese droplets is used to simulate the CCN measurements
tension effect could potentially counteract the delayed acti-and to study the differences of the two contrasting aerosol
vation imposed by reduced particle solubility (Shulman etregimes on the nucleation of cloud droplets. This kinetic ap-
al., 1996). However, the effect of surface active organics onproach simulates changes from time step to time step driven
water uptake is still an unknown (Abbatt et al., 2005; Bilde py changes in the chemical equilibrium of each droplet as
and Svenningsson, 2004). water condenses. Also, because there is a need to simplify
Laboratory studies of the effect of organics on cloud this process for large-scale models and because it is difficult
droplet activation have shown that water-soluble organicsio characterize the water activity of organic aerosols due to
contribute to CCN activity, insoluble organics do not and their complexity and limited information about their chemi-
slightly soluble organics have a range of cloud-forming ca-cal compositions, a single hygroscopicity parameter that con-
pabilities (Abbatt et al., 2005; Broekhuizen et al., 2004; Cor- siders both hygroscopic and CCN activity: (Petters and
rigan and Novakov, 1999; Cruz and Pandis, 1997; Giebl ereidenweis, 2007) is used here in addition to the above ap-
al., 2002; Hartz et al., 2006; Henning et al., 2005; Hori etproach. This holds the hygroscopicity parameter constant

al., 2003; Kumar et al., 2003; Prenni et al., 2001; Raymondand therefore is an equilibrium approach that does not ac-
and Pandis, 2002; Shantz et al., 2003). The addition of evergunt for dissolution.

a few percent of inorganic material (by mass) to a mostly
insoluble organic particle can have a large impact on the
CCN activation (Abbatt et al., 2005; Bilde and Svennings-2 |nstrumentation
son, 2004; Broekhuizen et al., 2004; Lohmann et al., 2004;
Raymond and Pandis, 2003). 2.1 Particle size distributions

Results from modelling studies of the effects of or-
ganics solubility on the formation of cloud droplets have Size distributions of particles in the geometric diameter range
varied. Abdul-Razzak and Ghan (2005) found that in 0.01-0.4um were measured with a Scanning Mobility Par-
mixtures of slightly soluble organics with inorganics, the ticle Sizer (SMPS) comprised of a TSI 3071 Electrostatic
organics can be considered fully soluble yet Ervens etClassifier and a TSI 3025 Ultrafine Condensation Particle
al. (2004) found that including low solubility organics de- Counter. Larger particle size distributions were measured us-
creased the number of CCN relative to a fully soluble caseing an optical particle counter, a PMS Passive Cavity Aerosol
Mircea et al. (2005) showed that with a situation with a high Spectrometer Probe (PCASP). Both the SMPS and PCASP
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are used in the two field projects, the C-SOLAS study and2.3 Water uptake: cloud condensation nucleus counter
the Golden Ears study (see Phinney et al., 2006 and Shantz

et al., 2004, respectively, for further details). A University of Wyoming Model MA100 static thermal gra-
dient cloud condensation nucleus counter (CCNc) was used
2.2 Particle chemical constituents for the CCN measurements during both studies (Shantz et al.,

2003; Snider et al., 2006). Light scattered off the growing

During the C-SOLAS study, an Aerodyne Quadrupole droplets within the supersaturated environment of the cham-
Aerosol Mass Spectrometer (Q-AMS, see Jayne et al., 2000ber is detected as a voltage from a photodiode. This voltage
provided the size distribution of sulphate, nitrate, ammo-is proportional to both the number concentrations and sizes
nium, methanesulphonic acid (MSA) and total organics inof the growing droplets. For a given supersaturation, the size
the aerosol. In the Q-AMS, the particles are focused intoof the droplets is dependent on their composition, and thus
a narrow beam and directed into an oven, which vaporizest is difficult to distinguish the effects of number and size
the particles. The vaporized components of the particles aréfom the voltage measurement unless one is relatively con-
ionized by electron impact. The resulting ion fragments arestant. For a given particle composition, the difference be-
detected with a quadrupole mass spectrometer. A compretween the maximum voltage (which is determined when the
hensive table of fragmentation patterns is used to combinelroplets are at their largest size prior to falling out of the de-
the fragments over 300 amu into mass concentrations of théection region) and the baseline voltage (the signal prior to
above major compounds. The MSA fragmentation patternghe exposure of the particles to a water supersaturation in the
were first implemented in this study and were determined inchamber) is proportional to the number concentration of the
laboratory experiments (Phinney et al., 2006). In addition todroplets. Hereafter, this difference in voltages is referred to
the total sampled particle masses, the composition is also deas “deltaV”.
termined as a function of particle size. The particles are sized CCN observations are commonly expressed as the num-
based on the time it takes for a particle to travel from the in-ber concentration of particles that activated or CCN number
let to the detection point (time-of-flight mode). This size is concentration (e.g. Bilde and Svenningsson, 2004; Cruz and
measured as a vacuum aerodynamic diamddgg)( A de- Pandis, 1997; Hegg et al., 2001; Leaitch et al., 1999; Snider
tailed description of the design of the Q-AMS, its operation, et al., 2003; Stroud et al., 2007). One could determine the
guantification methods and calibration procedures are givefCN number concentration from a calibration constant ap-
elsewhere (Alfarra et al., 2004; Allan et al., 2003a, b; Jayneplied to deltaV (e.g. Leaitch et al., 1999). Due to the lim-
et al., 2000; Jimenez et al., 2003). itations discussed above, it is unreasonable to expect to de-

Also during C-SOLAS, a Micro-Orifice, Uniform-Deposit termine accurate CCN number concentrations using this ap-
Impactor (MOUDI) was used to collect particles for major proach to CCN measurements in the field where the chemical
ion analysis using ion chromatography (IC). This was donecomposition may change over time. Thus, the focus of this
using Teflon filters on each of the 12 stages of the MOUDI.work takes the approach of Shantz et al. (2003) and exam-
Despite its name, the MOUDI was operated in a static moddnes the variation in the light scattered by the particles and
as opposed to rotating mode that gives rise to the uniformgrowing droplets. The rate of change in the scattered light,
deposit. The static operation was sufficient as the filters werdgepresented by the time-resolved voltage, is proportional to
completely extracted in de-ionized water prior to analysis bythe growth rate into cloud droplets.
IC. The MOUDI data in this work was used to determine CCNc supersaturations should be experimentally deter-
the contribution from sea salt. The agreement between thénined and not assumed to be the theoretical values (Frank
Q-AMS measurements and the MOUDI results for chemicalet al., 2007). The effective supersaturations (hereafig)
species measured using both methods was relatively closeithin the CCNc were estimated to be 0.19-0.50% using
(Phinney et al., 2006). nearly monodisperse ammonium sulphate particles generated

During the Golden Ears study (Shantz et al., 2004), parjn the laboratory, as discussed in Shantz et al. (2003). All
ticles were collected on single Teflon filters analyzed by IC Supersaturations discussed here are based on these calibra-
for information on the total mass concentrations of inorganictions. The evaluation dfeft results in the largest uncertainty
ion constituents (not separated by size) including Nal—, in these measurements. The errorSdpare estimated as ap-
NHj{, SOy, NOj; and K*. Particles for analysis of total mass proximately+15%. It is difficult to evaluate how this error
concentrations of particulate organic carbon (OC), black car-affects the growth rates from the observations, and so this un-
bon (BC) and water-soluble organic carbon (WSOC) werecertainty is applied in a model and reflected as the maximum
collected on single Quartz filters. The BC and OC concentra-2nd minimum limits ofSef.
tions were determined by a modified NIOSH method using a
Sunset Labs Thermal Optical Transmission Instrument (Lee
et al., 2003; Sharma et al., 2002). Water-soluble organic car-
bon (WSOC) was also measured in samples from the quartz
filters as described by Shantz et al. (2004).
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3 Model description For all model runs outlined here, the thermal accommo-
dation coefficient¢y) is assumed to be 1. Based on other
results (e.g. Chuang, 2006), it is assumed that changing the
value forar will not affect the growth rate significantly. All

) ) dry particles are assumed to be spherical. It is also assumed
An adiabatic cloud parcel model (hereafter called the "ACP 4t the compounds present in the particles and droplets do
model”) described by Leaitch et al. (1986) was modified ¢ chemically react with each other.

to include partially soluble mgterial (Lohmann et al., 2_004; The output of the model includes information about the
Shantz et al., 2003) and to simulate the growth rates in they gpjet size, number concentration and the scattering effi-
CCNc (hereafter referred to as the “CCNc model’) (Shantzgjency of the growing droplets. For direct comparison of the
etal., 2003). The ACP model and the CCNc model differ in o 4e| output to the first five seconds of light scattering off

how the supersaturatio)is calculated. In the ACP model, ¢ ine droplets from the CCNc measurements (detected as

the rate of cooling of the air parcel is balanced by the rate, voltage), the scattering cross-sectional area of the grow-
of water uptake to determing In the CCNc model,S is

” X i X ing droplets is calculated. The scattering code, previously
specified by a tr.anS|e.nt rise (that occurs in the CCNc aftelyiscussed in Isaac et al. (1986), uses Mie theory with the
the flush of particles into the CCNc chamber) followed by jngo|yple core in this double sphere model represented by

a constants, in an attempt to mimic the variation & in 5 sma|l amount of undissolved adipic acid. The refractive
the chamber. The transient supersaturatiagns is defined  jngices used for the species of interest are: ammonium sul-

as: St[ansz(Seff—Sstartbf(f/fmast+Sstafh Wh.ereSeff is the phate (1.523, 0), sulphuric acid (1.453, 0), sodium chloride
effective sup_ersaturatlon in the CCNS8giart is the §tart|ng (15442, 0), organic (1.45, 0) and BC (1.82, 0.74).
supersaturation at0 (Ssiar=—0.05, subsaturated)js time
in the simulationfmaxssiS the time required to reacfys; (de- 3.2 Simulations of organics
termined from comparisons of simulated growth rates with
those measured for pure, nearly monodisperse ammonium| the organics in the model are assumed to resemble adipic
sulphate to bemaxss2.25s). When <tmaxss then SSwans  acid in terms of the physical and chemical properties, ex-
Whent >tmaxss andSiransreachesSesr, then SSeff fromthen  cept for solubility. The latter is varied. This assumption is
onwards in the simulation. used because the CCN and water uptake properties of adipic
The mass accommodation coefficieni.Y can have a acid (Table 1) have been widely studied (e.g. Bilde and Sven-
strong effect on the simulated condensation rate of water, angingsson, 2004, Broekhuizen et al., 2004; Corrigan and No-
this is an outstanding uncertainty in quantifying the indirect vakov, 1999; Cruz and Pandis, 1997; Ervens et al., 2004,
effect of aerosols on climate forcing. There are a wide rangdori et al., 2003; Joutsensaari etal., 2001; Prenni etal., 2001,
of a.-values used in the literature spanning two orders ofRaymond and Pandis, 2002; Shulman et al., 1996) and adipic
magnitude, from 0.01 to 1 (e.g. Davidovits et al., 2004; Laak-acid has been observed in the atmosphere (Grosjean et al.,
sonen et al., 2005; Marek and Straub, 2001; Mozurkewich,1978; Kawamura and Yasui, 2005; Wang et al., 2006), and
1986, and the references therein). For cases where an obecause some of its physico-chemical properties lie within a
ganic film may form on the surface of the cloud droplet, it range of values from organic molecules.
has been suggested that the valuexrotould be as low as The dissolution of the organic in the model depends on its
10~° (Chuang, 2003; Feingold and Chuang, 2002). Ruehisolubility and is based on its equilibrium with the amount of
et al. (2008) determined,. for field measurements (normal- water present on the solution droplets at each time step in
ized toa, for laboratory ammonium sulphate) and found that a kinetic framework, as described in Shantz et al. (2003).
60% of ambient CCN grew similarly to ammonium sulphate The gradual dissolution of organics increases the mass of
but a number of cases had a lawcompared to ammonium the solute in the particle which then contributes to the wa-
sulphate. We did not have a measurement of the droplet sizter activity. Solubility is used here as a surrogate for all po-
from this CCNc as was the case for Ruehl et al. (2008) sdential influences on water uptake, including the surface ten-
we were unable to determire using their method. Also, sion, molecular weight, physical solubility and the potential
a. cannot be determined from the growth rates here, as ateffects of the organic om.. Since the amount of organic
tempted by Stroud et al. (2007), because of the uncertaintiesolute is time varying, an “effective solubility” is estimated
in these CCNCc's such as turbulence and edge effects. Conséor the total organic (Sect. 4.2.2 and 4.2.3) that can be a sim-
guently,a. is assumed to be unity in all of the present simu- ple measure of the ability of the organic particles to nucleate
lations, as suggested in many of the above references. Whatoud droplets.
this means for this study is that although the effect of the The determination of the hygroscopicity paramet¢Pet-
organic on water uptake is represented primarily by the disters and Kreidenweis, 2007: Sect. 5) is also a means
solution of the organic, any real impact of the organic couldof evaluating the water uptake of organic particles, but
alternatively or in some combination be through effects onthe application ofx does not reflect time varying dis-
a. or the surface tension. solution (Petters and Kreidenweis, 2008).  Solubility and

3.1 Simulations of cloud droplet growth rates in the CCNc

Atmos. Chem. Phys., 8, 5869887, 2008 www.atmos-chem-phys.net/8/5869/2008/
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Table 1. Summary of properties for adipic acid, a dicarboxylic acid.

Alternate name Hexanedioic acid
Number of carbons 6

Molecular formula HQC(CH,)4COH
Molecular weight (g mot1)2 146.14

Index of refractiof Real: 1.45, imaginary: 0
Density (g cnt3)2 1.36

Solubility (g L=1)¢ 25

lonic dissociation facté 1

Osmotic coefficient 1

Surface tension equation in moflel oy=oy, x (1—b>< log1g (%Jrl))
og=surface tension of solution at the air-water interface
ow=surface tension of water at the air-water interface
corg=molarity of organic acids in the water

Surface tension coefficiefits a=0.019,b=0.105

Growth factor at 95% 1.0

& CRC (2004).

b Index of refraction for succinic acid (CRC, 2004).

¢ Saxena and Hildemann (1996).

d Bilde and Svenningsson (2004), Broekhuizen et al. (2004), Corrigan and Novakov (1999), Cruz and Pandis (1997).

€ Equation from Ervens et al. (2004).

f Ervens et al. (2004) published these coefficients, that had been fitted to the data from Shulman et al. (1996) using the equation above.

9 The growth factor is expressed as a ratio of the wet radius of the droplet over the dry radius of the original particle or CCN.

h Joutsensaari et al. (2001) and Prenni et al. (2001) state that the growth factor at 90% relative humidity for adipic acid is 1. Thus, in the
model it was assumed to be 1.01.

hygroscopicity are different concepts. The physical solu- The dissolution kinetics discussed in Asa-Awuku and

bility of a chemical compound is the amount of solute that Nenes (2007), which is more important at low temperatures,

will dissolve in a fixed volume of water. Often molecules was not accounted for in this work. Also, this work does not

with higher solubilities are good CCN and reasonably hy-take into account the possibility of a lower solubility film-

groscopic, such as ammonium sulphate. Hygroscopicity iforming organic compound (Feingold and Chuang, 2002;

the ability of a compound to take up water either through ab-Tervahattu et al., 2002), the effects of which are uncertain

sorption or adsorption. Some organic compounds may ex{Kanakidou et al., 2005).

hibit hygroscopic or CCN behaviour despite having lower

physical solubility (Chan et al., 2008; Hartz et al., 2006).

The deliquescence relative humidity may be lower and the4 Observations and simulations of cloud droplet growth

solubility may be increased for organic mixtures or organics  rates in the CCNc

mixed with soluble inorganics (Marcolli et al., 2004).

In this work, each chemical constituent is considered sep4.1 Pacific Ocean — C-SOLAS field study

arately and the effects of combining these constituents in a

mixture is not treated, except in the way these compounds inThe Subarctic Ecosystem Response to Iron Enrichment

dividually affect the amount of water on the solution droplet. Study (SERIES), an experiment of the Canadian Surface

In addition, although the model initiates the particle as aOcean and Lower Atmosphere Study (C-SOLAS), took place

solution droplet, the organic is dissolved only based on itsin the Pacific Ocean in July 2002. The research platform

physical solubility in the solution droplet and some of the for the atmospheric aerosol measurements was the Mexican

unique hygroscopic features of certain organic molecules ar@ceanographic vessel El Puma. The majority of the mea-

not treated. Results from the kinetic droplet growth modelsurements were made near Station Papa, an ocean station

using variable organic solubilities (Sect. 4) as well as usinglocated in the subarctic northeast Pacific, nearly 1400 km

ak approach (Sect. 5) are compared with the observations offf shore. All times used in the work for C-SOLAS are

growing droplets. in Pacific Daylight Savings Time (i.e. not local time in the
ocean, which was 1.5h behind PDT). Table 2 outlines the
measurements made during this project. Details of the inlets

www.atmos-chem-phys.net/8/5869/2008/ Atmos. Chem. Phys., 8, 588%-2008
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Table 2. Summary of the relevant instrumentation from the C-SOLAS field study.

Measurement Instrument  Size range Frequency of measurements
Particle size distributions SMPS 0.008—-13 geometric diameter in 26 size bins Every 5min
PCASP 0.15—-3&m geometric diameter in 15 size bins Every 5min
Particle chemical constituents  MOUDI 0.03-18.0 geometric diameter on 12 stages 4-10h per sample
Q-AMS 0.06—-0.6um vacuum aerodynamic diametddfz) Every 15min
Water uptake CCNc All particle sizes that would activate in the Ewed$% s

supersaturation range 0.19-0.5%

TS T BT, ship’s exhaust, during times of mooring, have been removed
B [ | oM™ |ensuptes as described by Phinney et al. (2006). With the exception
N\ of the 18—19 July period, sulphur dominates the fine particle
aerosol. The ammonium mass concentrations (not shown)
were low over the time series (on average, the ammonium to
sulphate ratio was 0.2) and the sulphate was mostly acidic

2
|
. ‘ (Phinney et al., 2006).
|

L (\l ‘ | For 18-19 July, there was a substantial increase in the or-
}M t’ ~ ‘ A V ganics. The wind speeds were relatively low during this time
05 \I J 1 \ ,
0 T '

Concentration (ug m~)
-
o

and the air trajectories looped over the ocean. The Q-AMS

AR e | oA [Tk L M mass spectrum for this period resembles a mix of a diesel

a6l 18l 209ul 29ul o 249ul 26ul 28l signature and the background organic (Phinney et al., 2006,

. . . . ~2008). Itis believed that in this case the aerosol was impacted
Fig. 1. C-SOLAS time series of Q-AMS mass concentration, with by emissions of ship traffic in the region.

the diesel exhaust spikes removed. Shown are organics and total .
particulate sulphur (sulphate plus methanesulphonic acid (MSA)). Three periods Selgcted ff)r t_he prgsen_t study of CCN
Indicated with arrows are the periods of interest for this work. Eachdroplet growth analysis are highlighted in Fig. 1. On 16 July,

date marker on the x-axis indicates midnight in Pacific Daylight the fine particle aerosolis made up of 90% sulphate and MSA

Savings Time (i.e. not local time in the ocean, which was 1.5 h be-and 10% organic material. On 27 July, the organic fraction

hind PDT). was<10%. The third case, 18 July, is during the peak of the
period of highest organic fraction, up to 30%.

4.1.2 Simulations of 27 July 2002, from C-SOLAS

and measurements can be found in Marshall et al. (2005),
Phinney et al. (2006, 2008). The observed particle number distribution for 27 July is

Over the oceans, sulphate and methanesulphonic acighown in Fig. 2a. It is approximated by three lognor-
(MSA) are formed from the oxidation of dimethyl-sulphide mal distributions centred at geometric diameters 0045
(CH3SCHg) (Seinfeld and Pandis, 1998). Natural organic (mode 1), 0.1gim (mode 2), and 0.66m (mode 3). The
material, other than MSA, is also present in fine particleschemical mass size distributions from the Q-AMS are com-
in marine environments (e.g. O’Dowd et al., 2004; Phinneypared with the mass size distribution estimated from the
et al., 2006), and ships contribute primary organic particlesSMPS and PCASP in Fig. 2b. The majority of the mass is in
as well as SQ (e.g. Hobbs et al., 2000). In the absence sizes>0.1um, and there is reasonable agreement between
of significant anthropogenic aerosols, either from long-rangethe physical and Q-AMS measurements for mode 2.
transport or from ship emissions, the marine aerosol consists The Q-AMS measurements lack sufficient sensitivity to
primarily of sulphate, MSA and sea salt as well as low con-resolve the mass in mode 1, so it is assumed to be 100%
centrations of organics. This was the scenario for most of thesulphuric acid. Both the Q-AMS and the measurements

C-SOLAS measurements (Phinney et al., 2006). from the MOUDI indicate the mode 2 particles are composed
mostly of acidic sulphate with a smaller amount of MSA. As
4.1.1 C-SOLAS —time series the Q-AMS total organic is below detection limit in both the

time-of-flight and mass measurement modes of the Q-AMS,
The Q-AMS time series of mass concentrations of total par-the organic is assumed to be zero in this case. Assuming
ticulate sulphur (sulphate+MSA) and total organics for C- that the MSA behaves as sulphate, then mode 2 is modelled
SOLAS are shown in Fig. 1. Periods of fumigation from the as 100% sulphuric acid. Mode 3 was dominated by sea salt
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6 € SMPStPCASP Mass Fig. 3. C-SOLAS 27 July 2002: observations and simulations of
5 = AMS Sulphate Mass CCNc droplet growth rates. The x-axis is the sample time in sec-
| e e onds as the particles activate and grow into cloud droplets. The
4 Mode 2 o MOUDI Na+ Mass observed growth rates at 3 supersaturations (shown as a voltage)
| . from the CCNc are the thicker lines, corresponding to the y-axis

on the right. The 95% confidence levelsx@andard error) of the
observed growth curves are 12%, 9% and 7% of the average for
effective supersaturationsgs)=0.19%, 0.34% and 0.50%, respec-
tively. The other curves with the many symbols and error bars are
the modelled curves, on the left y-axis shown as a scattering cross
section. These y-axes are scaled to match in this case. The error
bars are simulations performed$i=415% to reflect the error in

the calculated supersaturation.

Fig. 2. (a) C-SOLAS 27 July 2002: observed size distribution

(from the SMPS and PCASP measurements) and fitted size distri-

bution used in the CCNc simulations. Indicated are the numbeithe model runs performed &¢4-15%, giving the maximum
median geometric diameteR, and the number concentratioN, and minimum range ifes (Sect. 2.3). The minimum acti-

for the mode. The total number concentration for this period is vation diameters from the simulations are indicated with ver-
789 cn1 3. The error bars show the variability in the measurementstical lines for the different chambeSes (Fig. 2a). At the

at a 95% confidence level {ztandard error). The vertical lines |owestSer, 0.19%, particles in modes 2 and 3 are activated.
correspond with the minimum activation diameter found in the sim- g Ser=0.34%, a small fraction of particles are activated
ulations at the effective supersaturatiofigg() indicated at the top in mode 1. AtSes=0.50%, just under 50% of the mode 1

of the graph (i.e. all particles at this diameter and larger are aCtivate%)articIes are activated. Sensitivity tests with the model indi-

in the simulations).(b) Mass distributions from the MOUDI filter . . .
measurements and Q-AMS “time-of-flight” measurements and es-Cate that including up to 15% soluble (solubility=200g).

timated from the SMPS and PCASP measurements. The SMPS andf i”SO'Pb'e (so_lubility:106 9 L_l) organic ‘?r changing _the

PCASP masses are estimated from the size distributions (Fig. 2a3ulphuric acid in mode 1 to ammonium bisulphate slightly

using a density approximated from the Q-AMS chemical measure-decreases the growth rate &%=0.34% and 0.50%. These

ments. The Q-AMS mass size distributions are converted from vacsame sensitivity tests for mode 2 do not alter the growth rate

uum aerodynamic diameteb(,) to geometric diameter by divid- at all. Overall, because the organic mass was low and these

ing the Dy, by this density. composition sensitivity tests do not modify the results sub-
stantially, we believe that this is a good case to use as a
reference for the comparisons between the CCNc observed

] o ] ) rowth rates and CCNc model results. The next case study

(Phinney et al., 2006), and itis asgumed to consust_entlrely 0{16 July) will be used to verify this reference case.

NaCl. Table 3 shows the assumptions of the chemical break-

down for all modes for all of the field case studies. 4.1.3 Simulations of 16 July 2002, from C-SOLAS

Figure 3 shows the scattering cross-sectional area from

the simulations compared with the observed voltage normalC-SOLAS 16 July has a similar size distribution (Fig. 4a)

ized to the base voltage from the CCNc. The scale of theand chemical composition (Fig. 4b) as 27 July. One differ-

right hand axis has been adjusted to match the simulateg@nce with 27 July is that 16 July has a 65% lower number

growth curves with the observed values. As this is a cas&oncentration in mode 1. Note that on 16 July, mode 2 is

of nearly pure polydisperse sulphate, this scaling is used foplit into two modes, 2a at geometric diameter i and

the remaining cases and provides a reference for the othetb at 0.22.m. Both 2a and 2b are assumed to have the same

cases to nearly pure sulphuric acid. The error bars reflecEhemical composition.

Mass Distribution
dM/dlogD (ug m™®)
w

Midpoint Geometric Diameter (um)
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Table 3. Assumptions made in the simulations about the size distribution based on the SMPS and PCASP measurements and chemical
composition based on Q-AMS and MOUDI measurements (C-SOLAS) and filter measurements (from Golden Ears). Details are shown for
each of the 5 case studies and for each mode of the distributions.

Number Median Geometric  Number Concentration ~Composition Assumption

Diameter fum) (cm3)
C-SOLAS 27 July 2002: 16:00-17:30 PDT
Model 0.045 641 BSOy
Mode2  0.160 147 WSOy
Mode 3 0.650 1.3 NacCl
Total 789

C-SOLAS 16 July 2002: 18:45-20:00 PDT

Mode 1l  0.040 435 bSOy

Mode 2a  0.100 36.5 10% organic and 90%3@,
Mode 2b  0.220 112 10% organic and 90%30;,
Mode 3  0.650 15 NaCl

Total 585

C-SOLAS 18 July 2002: 12:15-15:15PDT

Mode 1a 0.035 146 45% organic and 55%3®,
Mode 1b  0.080 754 45% organic and 55%30y
Mode 2 0.190 133 30% organic and 70%3$0,
Mode 3  0.650 1.8 NaCl

Total 1035

Golden Ears 7 August 2001: 17:00-19:00 PDT

Mode 1 0.034 11221

Mode 2 0.070 2196 76% organic, 4% black carbon and 20% ammonium sulphate
Mode 3 0.360 141

Total 13558

Golden Ears 11 August 2001: 00:00-01:00 PDT

Mode 1 0.050 3471
Mode 2 0.090 3943 85% organic, 2% black carbon and 13% ammonium sulphate
Mode 3 0.360 111
Total 7525

The Q-AMS measurements for mode 1 are below detec4.1.4 Simulations of 18 July 2002, from C-SOLAS
tion limit. Mode 2 is dominated by acidic sulphate, and or-
ganics comprise 10% of the mode 2 mass, exclusive of MSAThe measured and modelled size distributions for 18 July are
There were no MOUDI measurements on 16 July, so mode $hown in Fig. 6a, the case with the highest organic mass con-
is assumed to be NaCl, as consistent with the rest of the studgentrations. As discussed in Sect. 4.1.1, the mass spectrum
The simulated and observed CCN growth rates for 16 Julyof the organic in this case indicates that there was a signif-
are shown in Fig. 5. With the same right-hand axis scaling agcant contribution to this organic from diffuse diesel emis-
used in Fig. 3, the simulated and observed growth rates comsions, and the source was possibly from ships crossing the
pare C|ose|y, |ending confidence that this sca“ng proper|y reJ’egion. The number distribution is represented in the simu-
flects a sulphate reference for the remaining cases. It dogigtions by four modes: mode 1a centred at geometric diam-
not matter what solubility is assumed for the organic; soluble€ter 0.035:m, mode 1b at 0.08m (hereafter mode 1a and

(solubility=200 g L=1) and insoluble (solubility=10°gL~1) ~ mode 1b will be referred to as “mode 1"), mode 2 at Q.19
organics gave the same results. and mode 3 at 0.6em. The observations of Phinney et

al. (2008) show that the geometric diameter of mode 1b is
larger than the mode diameters on 27 and 16 July due to
the sulphate condensing on primary organics from the diesel
emissions.
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Fig. 4. (a)C-SOLAS 16 July 2002: observed size distribution and Fig. 6. (a) C-SOLAS 18 July 2002: observed size distribution and
fitted size distribution used in the CCNc simulations. The total fitted size distribution used in the CCNc simulations. The total
number concentration for this period is 585¢f Mode 2a and  number concentration for this period is 1035¢t Mode 1a and
mode 2b are assumed to have the same chemical compogltion. mode 1b are assumed to have the same chemical composition. The
Mass distributions from the Q-AMS and estimated from the SMPSvertical lines show activation for the insoluble organic cage)

and PCASP. There were no MOUDI measurements on 16 July. Se#ass distributions. See Fig. 2 caption for further details.

Fig. 2 caption for further details.

Figure 6b shows the mass distributions. More information
about the chemical composition of mode 1 is available from
the Q-AMS for 18 July than 27 or 16 July because mode 1
is larger in size and mass concentration. From the Q-AMS
measurements, mode 1 is assumed to be composed of 55%
sulphuric acid and 45% organic, and mode 2 is 70% sul-
phuric acid and 30% organic. These mixtures are assumed
to be internally mixed based on the observations described
by Phinney et al. (2008). The MOUDI measurements show
mode 3 to be a combination of sulphate, sodium nitrate and
sodium chloride. Because all three are quite soluble and hy-
groscopic, the choice is insignificant, and mode 3 is modelled
as pure NacCl.

Figure 7a shows the simulations and the CCNc obser-
Fig. 5. C-SOLAS 16 July 2002: ot_ase_rvations and simula_tions _of vations of the droplet growth. Theeferror bars are not
CCNc droplet growth rates.The axis lineup for 27 July (Fig. 3) IS g i this case (for simplicity), but all results fall within
tested in this case to give confidence in these comparisons betwe . Lo S

at uncertainty. All organics in the distribution are as-

the observations and simulations. The 95% confidence levels for dtoh th lubility. The shaded
the observed growth curves are 15%, 10% and 8% of the averagﬁume 0 have the same Solubility. € shaded areas en-

for Sef=0.19%, 0.34% and 0.50%, respectively. See Fig. 3 captioncOMpass the growth rates for assumptions ranging between

for details. relatively soluble (solubility=200gt!) and insoluble or-
ganic (solubility=108gL~1). The soluble case dissolves
readily and accumulates more water early on in the simula-
tion; hence the slightly higher growth curves for the soluble
case.
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1.6E-04

= Mode 0%, HESO4 + Wsolble Org. the results of Fig. 7a are reproduced for the case where the
odel: 0.34%, + Insoluble Org. . . . . . . . .
Mot 0.19% H2504+ Inlubl Oy pss ¥ entire distribution is assumed to be sulphuric acid (Fig. 7b).
lodel: 0.50%, + Soluble Org. A . . . .
In this case, the simulated CCN scattering cross sections are

Model: 0.34%, H2SO4 + Soluble Org. £ o 35
significantly higher than the corresponding observations, and
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§ "% 1 seobervaons: 0100 s i most of the simulated points lie at the edge of or outside the
§ o0e0 Va /' uncertainty defined by the chamber supersaturation. This re-
g 4ot e : sult indicates the significant error that arises from assuming
% 2005 / e 05 the organic portion behaves similarly to the inorganic por-

0.0E+00 N e VEm — 0 tion, and underscores the need to treat the components of the
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Time (seconds) aerosol separately.
‘ The results shown in Fig. 7 indicate that the organic re-

duces the effectiveness of the individual particle as a CCN
compared to pure inorganics. However, compared with the
cases from 27 and 16 July, considerably more of the mode 1
particles activate on 18 July at the higheg¥alues. This is
why the measured growth rates are higher on 18 July than the
{ other two cases. There is a larger number of particles present
} ﬁf{ 1] at particle sizes that activate at these supersaturations. In this
ﬂﬂ 0s case, the organic appears to have redefined the size distribu-
0 tion of the sulphate. Thus, on 18 July the organic appears to
Time (seoncs) be ineffective at water uptake but it contributes to the forma-
tion of a broader, more effective CCN distribution by redis-
tributing the sulphate.
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Fig. 7. C-SOLAS 18 July 2002: observations and simulations of
CCNc droplet growth rates fdja) organics included, at two sol-
ubilities, with the shaded sections showing the range of solubili- L. .

ties of the organic, from very soluble (top of the shaded sectionsA"2 Golden Ears provincial park field study

with solubility=200 g 1) to insoluble (bottom of the shaded sec- o

tions with solubility=10"6 g L—1) and (b) the assumption that the 1he Golden Ears provincial park study was part of the Pa-

entire distribution was pure sulphuric acid (error bars show simu-cific 2001 field campaign (e.g. Li, 2004). The park (cov-
lations performed afe=415%). The 95% confidence levels for ered predominantly with tall coniferous trees) is on the north
the observed growth curves are 7%, 8% and 5% of the average foslope (203 m elevation) of the Lower Fraser Valley and about
Seff=0.19%, 0.34% and 0.50%, respectively. See Fig. 3 caption for45 km northeast of Vancouver, British Columbia. Aerosol
more details. and trace gas measurements were made in the southern part
of the park from 6-11 August 2001. Table 4 summarizes
the measurements made during this project that have been
Figure 6a shows the minimum particle diameters activateddiscussed previously by Shantz et al. (2004). Note all times
at the different §-values (the vertical lines) for the insoluble mentioned with respect to the Golden Ears study are in lo-
organic case. The soluble organic case activates at the samgal time (i.e. Pacific Daylight Savings Time). The goal of
or very slightly smaller sizes than for the insoluble case.  the present study is to examine the cloud-forming proper-
At Ser=0.19%, all of mode 2 is activating, and there is ties from this forest aerosol that is also influenced by urban
little difference between the soluble and insoluble organicsources.
growth curves because there is only 30% organic in this mode
and a small number concentration (the growth is less sensi4.2.1 Golden Ears study time series
tive to changes in the chemical composition in such a situa-
tion). There is slightly more sensitivity to the choice of solu- The particle chemistry from the Golden Ears study was ob-
ble and insoluble scenarios &#=0.34% and 0.5%, because tained from open filter samples averaged over 4-8h. A time
the activation is occurring in regions of the size distribution series of sulphate (SO and organic carbon (OC) mass con-
where the number concentrations are changing more rapidlgentrations is shown in Fig. 8. The aerosol was dominated
with size and the organic fraction is higher. Still the rela- by OC through the sampling period, and increasingly to-
tive differences are very small and the results from this casevards the end of the period. The organic aerosol is be-
agree with those of Abdul-Razzak and Ghan (2005), wherdieved to be a mix of primary and secondary organics from
any solubility assumption is a close enough approximation apoth anthropogenic and biogenic sources; sulphate was likely
long as the organic is not assumed to behave as an inorganian ammonium salt (Shantz et al., 2004). Figure 8 also
To illustrate the effect of assuming the organic is equivalentshows water-soluble organic carbon (WSOC) concentration.
to an inorganic, and because that assumption has been us#dSOC is 20-60% of the total OC, which is in the range of
in some previous closure studies (e.g. Conant et al., 2004)what was observed in other studies for polluted, rural and
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Fig. 9. (a) The Golden Ears study on 7 August 2001: number
and volume distributions from SMPS and PCA$PE) The ob-
background sites (Carvalho et al., 2003; Decesari et al., 200Qserved size distribution and fitted size distribution used in the CCNc
2001; Saxena and Hildemann, 1996; Zappoli et al., 1999). simulations. The total number concentration for this period was
The particulate matter volume for particles with geomet- 13558 cnt3. The vertical lines show activation for the insoluble
ric diameters>0.1m determined from the size distribution organic case. See Fig. 2a for further details.
measurements is shown in Fig. 8. If we assume a mass den-
sity such as 1.0-1.5gcm, there is reasonable agreement
between the particulate matter volume and the sum of thet.2.2 Simulations of 7 August 2001, from the Golden Ears
OC plus sulphate mass concentrations, indicating that most study
of the OC and sulphate was in the fine particles. The sul-
phate concentrations at Golden Ears were similar or lowerThe particle number and volume distributions for the period
than those measured over the Pacific Ocean. selected from 7 August are shown in Fig. 9a. The fitted size
The CCNc deltaV (proportional to CCN number concen- distribution used in the CCNc simulations is matched to these
tration) atSex=0.19% switches from being above the parti- observations using 3 modes as shown in Fig. 9b. There is one
cle volume estimate for the first half of the study to being dominant number mode at about 0.03% geometric diam-
below the particle volume from 9 August onwards (Fig. 8). eter with a very high number concentration, a shoulder mode
Although sulphate is low compared to the organic throughouthear 0.07.m, and a large particle mode at 0,361.
the study, the average sulphate to organic ratio is significantly oy the purpose of modelling the CCN growth rates in
higher during the period prior to 9 August (0.17) than after s case, all of the inorganic ions (sulphate, ammonium, ni-
9 August (0.04). The change in the sulphate to organic rayate, sodium and chloride) are assumed to be ammonium
tio is a major reason for the change in the correspondence of|phate. All 3 modes are assumed to have the same com-
the CCN with the particle volume, and it indicates a reducedyosition as each other based on the filter measurements from
effectiveness of the organic relative to the sulphate as CCNy August: 76% organic, 4% BC (an insoluble organic with
To examine this further, two periods are selected representydex of refraction=(1.82, 0.74) and density=2 gcinand
ing before and after 9 August. These periods are highlightebgo, ammonium sulphate. Particles are assumed to be in-
in Fig. 8 (afternoon of 7 August and morning of 11 August). ternally mixed based on hygroscopic growth measurements
at this site (Aklilu and Mozurkewich, 2004; Shantz et al.,
2004).
Figure 10 shows the scattering cross-sectional area from
the model output compared with the voltage from the CCNc
observations. Absorption by the BC is included in the
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Table 4. Summary of the relevant instrumentation from the Golden Ears field study.

Measurement Instrument Size range Frequency
of measurements
Particle size distributions SMPS 0.01-@.h geometric diameter in 25 size bins  Every 5min
PCASP 0.15—3m geometric diameter in 15 size bins Every 5min
Particle chemical constituents  Single Teflon filters  Total mass of all particles that impact 4-14 h/sample
Single Quartz filters  Total mass of all particles that impact 4-14 h/sample
Water uptake CCNc All particle sizes that would activate in the Evwed$% s

supersaturation range 0.19-0.5%

45204 ][ = Model: 0.50% with Insoluble Org. e increased organic fraction in the aerosol. For a highly solu-
: Model: 0.34% with Insoluble Org a

~4.0E-04 || Model: 0.19%iith Insoluble Or. ble organic, the observations should match the upper curves.
© amon | e e o or% The insoluble organic simulation has only sulphate influ-
éaOE_M, Model: 019%6 with Soluble Org. * encing the droplet growth and if the organic does not con-
2 L Observations: 0349 4 s tribute at all, the observations will match the lower curves.

Since the observed growth rates are much higher than the

modelled curves representing insoluble organics and are also
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5.05-05 e / ’ cases, which had similar or higher sulphate concentrations,
0.0E+00 Bmmaanssnnis e 0 the organic aerosol makes a significant contribution to the

¢ eonds 8 water uptake. This may mean that the organic is either mod-

erately soluble or moderately hygroscopic.
Fig. 10. The Golden Ears study on 7 August 2001: observations Simulated growth rates for an organic with an effective
and simulations of CCNc droplet growth rates, showing soluble andsolubility of about 10g ! best match the observed growth
insoluble organic scenarios. The 95% confidence levels are 7%rates for 7 August. Note that if we change our initial assump-
3% and 3% of the average observed growth curvesggr0.19%, tions, this effective solubility may be altered, such as the sul-
0.34% and 0.50%, respectively. See Figs. 3 and 7a for details. ' . o '
phate and organic may not be distributed equally across all
sizes or the organic may have affected the surface tension or
mass accommodation coefficient in ways that are not prop-

calculation; however its influence is negligible because it is€My referenced in the model.
present in such small quantities. As for the C-SOLAS 18 July  In these simulations, with ammonium sulphate internally
case, the shaded areas encompass the growth rates betwe®Btxed with organics, ammonium sulphate dissolves initially
relatively soluble and insoluble organic. The vertical lines and dominates the droplet growth until more water collects
on Fig. 9b show the minimum particle diameters activated foron the droplets allowing the slightly soluble organics to start
the organics with a solubility of 1 g L~! and at all 3Se's, to dissolve. At that point the organic may also contribute to
these fall within the shoulder mode 2. The 200¢lorganic  the droplet growth.
activates at slightly smaller sizes (not shown), but still only
activates minimum diameters within mode 2. Mode 1 does4.2.3 Simulations of 11 August 2001, from the Golden Ears
not activate regardless of the organic solubility. (Note that study
if this distribution was assumed to be pure ammonium sul-
phate, the minimum activation diameter would be 0.049  Figure 11a shows the number and volume distributions for
at Ser=0.5% and thus the upper edge of mode 1 would acti-11 August. The modelled size distribution, represented by
vate.) However, the shoulder mode 2 contains a large numbeg modes, is shown in Fig. 11b. Although the total num-
of particles (and mass) that may explain the larger growthber concentration is less than on 7 August, there are more
rates here than during the C-SOLAS cases. The observefarticles in mode 2 on 11 August than on 7 August and
light scattered off the droplets is a function of the number ofthe volume is substantially higher on 11 August. The in-
CCN, the size of CCN and their chemical composition. creased mass is explained by the condensation of secondary
The differences between the modelled soluble (upperorganic aerosol as suggested by the gradual increase in par-
curves of shaded sections in Fig. 10) and insoluble (lowerticle mass from 9-11 August. Most of the additional ma-
curves) organic cases are much larger than for the C-SOLASerial on 11 August is suspected to be due to the oxida-
18 July case, indicating a larger range in possibilities with antion of monoterpenes as measured concentrations of a known
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: Fig. 12. The Golden Ears study on 11 August 2001: observations
oo 2 oenvations and simulations of CCNc droplet growth rates, showing soluble and
Minimum Activation Diameters insoluble scenarios. The 95% confidence levels are 8%, 6% and 6%
1 ioge T of the average observed growth curves $gf=0.19%, 0.34% and

D =005 pm Mode 2 0.50%, respectively. See Figs. 3 and 7a for details.
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n
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S
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Mode 3
0 @fofc“mm tests suggest that an aerosol composed of soluble inorgan-
o 0 " ; ics may deplete the supersaturation substantially but slightly
Midpoint Geometric Diameter (um) soluble organics do not as they have a smaller solute effect
in the Kohler equation (they don't take up water to the same
Fig. 11. (a)The Golden Ears study on 11 August 2001: number andextent as inorganics). If, however, the organics are soluble,
volume distributions from SMPS and PCA%B) The observed size  competition for water vapour may drive the supersaturation
distribution and fitted size distribution used in the CCNc simula- to a lower value especially &:4=0.5%, and therefore would
tions. The total number concentration for this period is 7525%m show a lower voltage than it would if competition were not
The vertical Iim_as show activation for the insoluble case. See Fig. zaoccurring. This may indicate a limitation to the growth rate
for further details. measurement. Overall, the modelled growth rates best agree
with the observations for organics with an effective solubil-

ity of 5g L1, slightly less soluble than 7 August. Keep in

product of terpene oxidation, cis-pinonic acid, also increasednind this is an effective solubility and by changing the initial
during this period (Cheng et al., 2004; Shantz et al. 2004)_assumptions, we could find a different value for solubility.
Each mode is assumed to have the same composition, an in- Overall, these results indicate that the organic is less ef-
ternal mixture of 85% organic, 2% BC and 13% ammonium fective as CCN compared to sulphate, but in these situations

sulphate (note that the sum of all inorganic ions is assumedith relatively low sulphate, the organic particles do act as
to be ammonium sulphate). CCN. Even with lower sulphate masses on 11 August, there

. . . is an increase in the deltaV and the scattering cross section as
Figure 12 shows the scattering cross-sectional area fro . ) . . ;
) . : . there is an increase in the particle number concentration, and
the simulations compared with the observations of CCNc . . - :
. : A similar to C-SOLAS 18 July, itis suspected that the influence
droplet growth rates. The vertical lines in Fig. 11b show . i )
- . . , of the organic on the sulphate contributes to the increased
the minimum activated diameters at th6s3's (none of the . .
e%rowth rates. This argument depends on whether the organic

mode 1 particles activate, even when the organic is assum . . .
. _coats the sulphate or whether the sulphate is readily available
to be soluble). The growth rates and the number of particle .
o the water vapour as this model assumes.

activated are much greater for 11 August than for any of the

previously discussed cases. 4.2.4 Simulations of WSOC from 7 and 11 August 2001,
At Se=0.50% the observed growth curves are close to the from Golden Ears

insoluble curve, suggesting a smaller contribution from the

organics to the water uptake on 11 August than 7 August aiAn alternate set of simulations are also run, using the WSOC

this supersaturation. The observed growth rates are highaneasurement to determine the soluble and insoluble fraction

than the modelled insoluble casesSat=0.34%. The differ-  of the organic matter. The WSOC/OC fraction is approxi-

ence between the modelled results at these twevaluesis  mately 0.25 on 7 August (Fig. 8). Simulations run with 20%

similar to those from 7 August. Fofe=0.5%, there may ammonium sulphate, 20% organic with 200g'Lsolubility

have been competition of water vapour between the partiand 60% insoluble organic based on the WSOC measure-

cles in the CCNCc at the highest supersaturation. Sensitivityments show reasonable agreement between these simulations
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There are uncertainties in these measurements such as the
long filter sampling time, variations in the chemical com-
position with respect to size and assumptions about the or-
ganic. These simulations are fairly sensitive to the amount
of sulphate present and if we decrease the amount of ammo-
nium sulphate, the WSOC solubility would be higher. In the
model, it is the solubility of the organic rather than whether it
is soluble or not, as determined from WSOC measurements,
that affect its role in forming cloud droplets.
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Recently, Petters and Kreidenweis (2007) discussed the hy-
groscopicity parametex that encompasses water uptake
capabilities (both above and below supersaturation) and
simplifies the physical and chemical properties needed for
J aerosols in cloud microphysical models. Because the major-
gyss 4 , | ity of organic constituents are unknown and thus properties
T . 3 s 4 2 4 4n e such as molecular weight and solubility are also unknown,
Time (seconds) a hygroscopicity parameter is useful in describing the water
uptake of aerosols from different sources. A version of the
Fig. 13:Observations ano! sim_ula_tion_s of CCNc droplet growth ratespresent CCNc model using was produced (hereaftex *
assuming atot for the entire distribution fofa) C-SOLAS 18 Jul){ CCN model”) in order to compare estimated totavalues
and (b) Golden Ears 7 August. The error bars show S|mulat|ons(Kmt) for the five case studies discussed above and to de-
performed aSeqr==-15%. termine the organie-values korg) from the field measure-
ments. Keep in mind this model does not consider sparingly
soluble organics as suggested in Petters and Kreidenweis
and the observations. The use of a lower Solublllty (|e(2008) HereK does not Change W|th t|me or W|th increas_
<200g L") worsens the agreement. The WSOC concentraing water content. Also, in the-CCN model, we assume the
tion was determined by dissolving the OC on a filter punchgyrface tension of water.
in 5mL of water over 10 min and removing any undissolved  For the nearly pure sulphate case from C-SOLAS (27
material (Shantz et al., 2004). However, WSOC may not bejyjy), the best agreement between the CCNc model and the
dissolved during the time scales measured by the CCNC of._ccN model is forki=0.7 (see Table 5 for a summary
within the amount of water present on these particles/dropletgf g)| «-values determined) and a slightly lower value of
(Ervens et al., 2007). In the model simulations, the combi-. =065 for 16 July due to the small amount of organic.
nation of greater sulphate mass in the larger particles anghese values are consistent with thealue found for sul-
higher supersaturations-0.3%) increases the water on the phyric acid £=0.68-0.74 for dry diameters 0.03-0,081,
particle to the point of allowing the organics with solubili- nMarkus Petters, personal communication), which is lower

ties <2 gL~ to dissolve based on their physical solubility. than thex=0.9 mistakenly given in Petters and Kreiden-
For lower Seft (<0.2%), the organic solubility needs to be a ejs (2007).

A —1 .
minimum of 1-20g L™ to completely dissolve. In Fig. 13a, the results for modelling C-SOLAS 18 July

Despite the fact that we found a lower overall effective using thee-CCN model are shown. This case, with a marine

solubility from the simulations for 11 August compared 0 zergs0| mixed with organic, shows the best agreement with
7 August, the WSOC/OC fraction is higher on 11 August -0 35 Thex can be constrained in this case within

compared to 7 August (over 50% — Fig. 8). Simulations (notihe sypersaturation uncertainty to 0.2-0.6, as demonstrated
shown) are run with 13% ammonium sulphate, 47% organig, Fig. 13a

with 5g L™= solubility and 40% insoluble organic based on  pgyars and Kreidenweis (2007) show that for aerosols that
the WSOC measurements. Reasonable agreement with theyqiet of a few chemical species, the individual chemieal

observations is achievedlfor these assumptions.  Organicg,|,es can be weighted by the volume fraction to determine
with solubilities 0.1-5g L+ would dissolve completely in the kiot (USiNg ko= " £:k; Wheree; is the volume fraction

the Iargest pa}r.ticle sizes f%“>0'3%'}_At S?ff=0.19%, the andi represents the individual species). Using the measured
organic solubility needs to be 3-40 gt.to dissolve. aerosol composition from the Q-AMS for 18 July (assuming
sulphate hag=0.7 based on 27 July results) ang=0.35,
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thenKorg is fou'f‘q to be zero. In other. words, for 18 July OVer Table 5. Hygroscopicity parametek] values determined for each
the North Pacific Ocean, the organic does not contribute tQ.55e spqy.

the water uptake. This organic likely originated as diesel ex-
haust emissions throughout the region. These results are con- C-SOLAS Golden Ears
sistent with hygroscopicity measurements of particles from

) L . 27Jul 16Jul  18Jul  7A 11A
diesel exhaust, found to not exhibit significant hygroscopic . ! ! uo -
growth (Dua et al., 1999; Weingartner et al., 1997). ktot 0.7 065 035 016 0.08
Range ofctot? 0.4-1.1 0.4-1.0 02-0.6 0.09-0.27 0.04-0.17
For the Golden Ears forest study on 7 August, the best , b _ 0 0 0.05 0.02
agreement between the observed and modelled growth ratesrange ofcorg® - —d 0-05  0.001-0.2 0.001-0.11

using x10t=0.16 (Fig. 13b). Assuming the ammonium sul-
phate has a=0.61 (Petters and Kreidenweis, 200;7()Hg is aSimulations are performed fafot at Sef+15% to reflect the error
estimated as 0.05. For the Golden Ears study 11 August cas# the calculated supersaturation. The ranges-ghlues are deter-
the estimatedc is 0.08, which falls in the range provided mined by findingetot Simulations that fall within these error bars.
by Petters and Kreidenweis (2007) for the oxidation prod- "€ «org are found by using the measured composition of the
ucts of monoterpenes (consistent also wit determined ~ 2€r0sol andtor and applying the mixing ruletor=>_ e;«;, where

by Duplissy et al. (2008) fa-pinene oxidation products in iiolnssiirzﬁevrilume fraction andrepresents each individual chemical
a smog chamber). The 11 Auguslg is estimated t0 be ¢ gy range oforg is determined as those that fall within the error
0.02, lower than th&org for 7 August. The measurements pag ofsq+15%.

of water uptake at relative humidities100% that Aklilu  d Because there was only 10% organic in this case, it is difficult to
and Mozurkewich (2004) made during the Golden Ears studyetermine the range afyg’s.

gave values ok (called ‘b” in their paper) in the range of
0.04 to 0.10, with most values between 0.05 and 0.07. These
fall within the uncertainty range of the values determined
here. The uncertainties in our measurements do not allo
the absolute determination ®fot or xorg, but based on the
time series, it seems thagt Or xorg are decreasing over time
during the Golden Ears study based on these 2 case studi

The organic fraction is higher in the third marine case
V\f30% of the total mass — 18 July 2002). Evidence suggests
that this aerosol was a mix of somewhat aged ship emissions
and marine aerosol. The comparison of the observations and
(consistent with Aklilu and Mozurkewich, 2004) as the or- &fmulations indicates that the sulphate in these aerosol parti-
. S ' cles was responsible for most of the water uptake. However,
ganic mass fraction mc_reased. . the organics influenced the CCN growth rates by enhanc-
Smog chamber studies show that particles generated frofy, g e number concentration of particles containing sulphate
monoterpene oxidation products were slightly hygrqscoplcand redistributing the sulphate to larger and more CCN active
(VanReken et al., 2005; Varutbangkul et al., 2006; Virkkula g;,aq
et al., 1999). Aklilu and Mozurkewich (2004) and Shantz et o
al. (2004) showed the Golden Ears aerosol was also slightl%igT%’\é c; fr?:ra’r;stt)g?ii?]éféﬁg]agsrlgenmiirhs rITi;Or:/é?Ccl)Tlg:r?ir(:k)r::gs

hygroscopic, similar to the less hygroscopic particles ob- ) o
served in boreal forests (Hameri et al., 2001) and in the Ama ractions (80-90% of the total mass), and similar or smaller
zon (Rissler et al., 2004; Zhou et al éOOZ) sulphate mass concentrations than the marine cases. The ob-

served CCN growth rates from these two cases are much
higher than for the marine cases. This is due to an increase in
6 Summary and conclusions the number concentrations and some influence of the organic
material on the water uptake. The best fits of the simulations
A C|oud Condensation nuc'eus counter (CCNc) iS used to in_to the Observations were Obtained fOI’ OrganiCS with eﬁeCtiVe
vestigate the role of organics as CCN by comparing the measolubilities of 5-10gL*. This result assumes an accom-
sured growth rates of cloud droplets to those simulated usmodation coefficient of unity, a specified surface tension and
ing a kinetic model (CCNc model). Five cases of ambient@n organic molecular weight of 146 gmdl Differences in
measurements of CCN, particle size distribution and particlehose three quantities from the modelled values might also
chemistry are examined, three from the North Pacific Ocearfontribute to the water uptake.
and two from a forest in British Columbia, Canada. One Values of the hygroscopicity parameter (Petters and
of the marine cases, for which the aerosol was dominateKreidenweis, 2007) are determined for the five cases using
by sulphate (27 July 2002) is used as a reference for théhe «x-CCN model. By comparing the-CCN model results
CCNc model. This reference case is verified using a secwith the observationsg-values for the total mixed aerosol
ond marine case also dominated by sulphate (16 July 2002)«iot) are found. We also found-values for the organic
In these cases with the fine particle mas80% inorganic, component of the aerosatd;g) by assuming the individual
the organics do not contribute to the water uptake and appearhemicalk -values are volume weightedigi= > &;«x; where
to be insoluble. ¢; is the volume fraction and represents the individual
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species). For the total aerosol, the Pacific makigevalues tive sampling using an Aerodyne aerosol mass spectrometer — 1.
are 0.35-0.7 and the organic components are found to be Techniques of data interpretation and error analysis, J. Geophys.
negligible ((0r9<0_01)_ For the forest aerosatlg is found to Res.-Atmos., 108, 4090, doi:10.1029/2002JD002358, 2003b.

be 0.08-0.16 withorg Of 0.02-0.05. The observations sug- AIves,.C., Pio, C., qnd Duarte, A.: Composition of extractable or-
gest thater andiorg decreased with time during the Golden ganic matter of air particles from rural and urban Portuguese ar-
Ears study as the aerosol accumulated a larger organic masAs\.e‘f"S’ Atmos. Environ., 35, 5485-5496, 2001. .

L . -~ . _Anttila, T. and Kerminen, V. M.: Influence of organic com-
Whether the kinetic approach using solubility for the organic

h h USi . | d. the sh pounds on the cloud droplet activation: A model investiga-
or the approach using a smg&gva ue were used, the shape considering the volatility, water solubility, and surface ac-
of the growth curves were similar.

tivity of organic matter, J. Geophys. Res.-Atmos., 107, 4662,
doi:10.1029/2001JD001482, 2002.
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