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1.1 Abstract 12 

This work explores the Cloud Condensation Nuclei (CCN) activity of isoprene secondary organic 13 

aerosol (SOA), likely a significant source of global organic particulate matter and CCN, produced from 14 

the oxidation with OH from HONO/HOOH photolysis in a temperature-controlled SOA chamber. CCN 15 

concentrations, activation diameter and droplet growth kinetic information were monitored as a 16 

function of supersaturation (from 0.3 to 1.5%) for several hours using a cylindrical continuous-flow 17 

streamwise thermal gradient CCN counter connected to a Scanning Mobility Particle Sizer. The initial 18 

SOA concentrations ranged from 2-30 g m-3 and presented CCN activity similar to monoterpene SOA 19 

with an activation diameter of 35 nm for 1.5% supersaturation and 72 nm for 0.6% supersaturation. The 20 

CCN activity improved slightly in some experiments as the SOA aged chemically and did not depend 21 

significantly on the level of NOx during the SOA production. The measured activation diameters 22 

correspond to a hygroscopicity parameter, , value of 0.12, similar to  values of 0.1 ± 0.04 reported for 23 

monoterpene SOA. Analysis of the water-soluble carbon extracted from filter samples of the SOA 24 

suggest that it has a of 0.2-0.3 implying an average molar mass between 90 and 150 g mol-1 (assuming 25 

a zero and 5% surface tension reduction with respect to water, respectively). These findings are 26 
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consistent with known oxidation products of isoprene. Using threshold droplet growth analysis, the CCN 27 

activation kinetics of isoprene SOA was determined to be similar to pure ammonium sulfate aerosol. 28 

1.2 Introduction 29 

Estimates of isoprene emissions are 600 Tg yr-1 making it the most abundantly-emitted non-30 

methane hydrocarbon (Guenther et al., 2006). Nevertheless, isoprene has only recently been recognized 31 

as a potentially large source of secondary organic aerosol (SOA) despite the relatively high volatility of its 32 

first generation oxidation products (Pandis et al., 1991; Edney et al., 2005). The details of the 33 

experimental conditions, specifically NOx levels, presence of a strong acid and temperature, greatly 34 

impact the SOA yields, which in recent studies have been as high as 5.5% (Kroll et al., 2006). Aqueous 35 

reaction pathways may further increase the yield (Lim et al., 2005).  36 

Although laboratory experiments suggest a diverse range in aerosol yield, isoprene SOA has 37 

been observed in the atmosphere (Kleindienst et al., 2006; Claeys et al., 2004). Initial global isoprene 38 

SOA estimates ranged from 2 Tg yr-1 (Claeys et al., 2004) to 10-120 Tg yr-1 (Matsunaga et al., 2005). Later 39 

estimates using the Oslo CTM2 and CAM3-Chem/CLM models ranged between 15 and 19.2 Tg yr-1
, 40 

respectively (Hoyle et al., 2007; Heald et al., 2008).  Using GEOS-Chem for isoprene SOA, Henze and 41 

Seinfeld (2006) estimated a source rate of 6.2 Tg yr-1 for isoprene SOA. Farina et al. (2010) incorporated 42 

the SOA volatility basis (Donahue et al., 2006) set in GISS II  coupled global simulation and chemical 43 

transport model, giving an isoprene SOA production rate of 6.5 Tg yr-1, constituting 22% of the global 44 

SOA production.  45 

In order to constrain the effect of SOA on clouds, significant effort has been put forth to 46 

determine the CCN activity and hygroscopicity of SOA from oxidation of monoterpenes, sesquiterpenes 47 

and aromatic volatile organic compounds (Huff Hartz et al., 2005; Varutbangkul et al., 2006; Prenni et 48 
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al., 2007; Shilling et al., 2007; Engelhart et al., 2008; Asa-Awuku et al., 2009). Regardless of oxidant and 49 

experimental conditions, nearly all studies have found SOA to act as “good CCN” under atmospherically-50 

relevant conditions. Atmospheric aging is generally thought to increase the hygroscopicity and CCN 51 

activity of SOA (Jimenez et al., 2009), although the formation of oligomers may decrease the particle 52 

CCN activity (e.g., VanReken et al., 2005). Asa-Awuku et al. (2010) measured the CCN activity of the 53 

water-soluble fraction of SOA (WSOC) from alkenes, monoterpenes, and sesquiterpene parent 54 

hydrocarbons, and found it to being remarkably constant and close to that of inorganic salts ( ≈0.3). 55 

Köhler Theory Analysis of the samples suggests that shifts in molar mass between samples were 56 

accompanied by a compensating change in surface tension depression, thus leading to a relatively 57 

constant hygroscopicity parameter. If this finding holds for other SOA systems as well, it implies that the 58 

water-soluble fraction of SOA type is the key parameter that controls the value of its hygroscopicity, and 59 

offers a physical basis for predictive understanding of SOA hygroscopicity. 60 

Another much less constrained aspect of cloud droplet formation is the activation timescale of 61 

CCN and variations thereof from changes in composition and particle phase state. Most activation 62 

kinetics studies to date focused on potential delays from organics, either because they would form 63 

compressed films that affect the uptake rate of water vapor (e.g., Chuang and Feingold, 2001; Nenes et 64 

al., 2002), or, slowly dissolve/diffuse, thus requiring more time to activate than deliquesced aerosol 65 

(e.g., Shulman et al., 1996; Shantz et al., 2003; Chuang et al., 2006;  Asa-Awuku et al., 2007). There is an 66 

increasing body of evidence showing that very hygroscopic aerosol (i.e., containing oxidized organics or 67 

large amounts of deliquescent material) sampled from a humid environment is associated with rapid 68 

activation kinetics (i.e., comparable to that of (NH4)2SO4 or NaCl aerosol) (e.g., Bougiatioti et al., 2009; 69 

Lance et al., 2009; Ruehl et al., 2008, 2009; Padro et al., 2010). Size-resolved ambient CCN 70 

measurements have been used to infer the heterogeneity of activation kinetics (Ruehl et al., 2008, 2009) 71 
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and suggest that the fraction of slowly-activating CCN increases whenever aerosol originates from above 72 

the boundary layer. In terms of SOA systems, monoterpene SOA exhibits activation kinetics similar to 73 

deliquescent salts (Engelhart et al., 2008); the much less hygroscopic sesquiterpene SOA exhibits slower 74 

activation kinetics, that is correlated with the hygroscopicity of the SOA (Asa-Awuku et al., 2009). The 75 

activation kinetics of water-soluble aerosol extracted from a wide variety of SOA systems is comparable 76 

to that of (NH4)2SO4 (Asa-Awuku et al., 2010). 77 

Despite over a decade of SOA CCN studies, studies focused on isoprene SOA only recently have 78 

begun to emerge in the literature. Gunthe et al. (2009) studied the CCN activity of aerosol in the Amazon 79 

dominated by biogenic emissions such as isoprene; they found that the hygroscopicity parameter, , of 80 

the SOA was 0.10±0.03. King et al. (2010) measured the CCN activity in a continuous flow chamber of 81 

seeded isoprene SOA generated with a hydrogen peroxide hydroxyl radical source and found that the 82 

CCN activity was largely independent of volatile organic carbon to NOx ratio. Consistent with Gunthe et 83 

al. (2009), the hygroscopicity parameter, , of the isoprene SOA was 0.10±0.03. Similar to the study of 84 

Asa-Awuku et al. (2009) (which focused on β-caryophyllene SOA), King et al. (2010) found that the less 85 

volatile fraction of the SOA exhibited reduced CCN activity. 86 

As important as these findings are for modeling the CCN activity of isoprene SOA, a number of 87 

open questions remain. First, the impact of aging on CCN activity of isoprene SOA is not well 88 

understood. The effect of NOx levels and inorganic seed on CCN activity is also unknown; therefore, 89 

isolating isoprene SOA for study via homogeneous nucleation of isoprene products is required. It is also 90 

important to understand the source of hygroscopicity of the isoprene SOA, by characterizing the CCN 91 

properties of the water-soluble fraction of the SOA and unraveling the contributions of solute and 92 

surface tension depression effects of the organic. Finally, the droplet activation kinetics of the isoprene 93 

SOA remains unconstrained to date. This study focuses on addressing all these questions, by studying 94 
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the CCN activity, activation kinetics and aging of laboratory-generated SOA from homogeneous 95 

nucleation of isoprene oxidation products formed under low- and high-NOx conditions. 96 

 97 

1.3 Experimental Methods 98 

1.3.1 SOA Generation 99 

Ten experiments (Table 1) were conducted in the Carnegie Mellon University smog chamber, 100 

which is a 12 m3 Teflon wall reactor (Welch fluorocarbon) enclosed in a temperature controlled room. 101 

The chamber was flushed with dry, particle-free air for several hours prior to each experiment. The 102 

experimental setup is shown in Figure 1. Isoprene (Acros Organics, 99+%) was introduced into the 103 

chamber via injection through a clean air line. Most experiments were conducted with isoprene 104 

injection volumes between 2.5 and 5 µL with the exception of experiment 8 where 19.8 µL were injected 105 

for a high concentration experiment. The characteristic mixing time of the chamber is less than 5 106 

minutes. Hydroxyl radical was produced via photolysis of nitrous acid (generated by mixing sodium 107 

nitrite and sulfuric acid similar to the method described in Ng et al., 2007) and transferred to the smog 108 

chamber by clean air through a bubbler. Experiment 1 was conducted under low NOx conditions, 109 

measured at 2 ppb (Table 1). In this experiment hydrogen peroxide (VWR, 50%) was bubbled into the 110 

chamber for approximately two hours (Kroll et al., 2006). After stable Proton Transfer Reaction Mass 111 

Spectrometer (PTRMS, Ionicon) measurements indicated the chamber was well-mixed, photochemistry 112 

was induced by banks of ultra violet black lights with a strong signal around 360 nm located on the walls 113 

of the chamber (Presto et al., 2005). For experiments 5-10 (see Table 1) the chamber was pre-cooled to 114 

15°C to enhance nucleation. After nucleation, the chamber temperature was gradually warmed to 22°C 115 

over the course of 30-60 minutes.  In all other experiments the chamber was maintained at 22°C 116 
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throughout the experiment. In experiments 9 and 10 a second burst of HONO was added after several 117 

hours to aging to determine the impact of a dramatic increase in hydroxyl radical concentration on CCN 118 

activity. The reported maximum mass concentrations in Table 1 have not been corrected for wall losses 119 

and are approximately 10-30% lower than the SOA produced in the corresponding experiment. 120 

 121 

1.3.2 Gas and Particle Composition 122 

A Quadrupole Aerosol Mass Spectrometer (Q-AMS, Aerodyne Research, Inc.) was used to 123 

monitor aerosol concentration, composition and aerodynamic size (Jayne et al., 2000; Jimenez et al., 124 

2003; Canagaratna et al., 2007).  Every 15 seconds the Q-AMS alternated between scanning mass 125 

spectrum mode, and, particle time of flight mode. A PTRMS (Ionicon) measured the gas phase 126 

concentration of isoprene (m/z 69), some of the major isoprene oxidation products (methacrolein and 127 

methyl vinyl ketone, m/z 71), and nitrous acid (m/z 30) (Lindinger, 1998).  128 

1.3.3 Cloud Condensation Nuclei Measurement 129 

A Differential Mobility Analyzer (DMA, TSI model 3080/3081L) operated at a sheath to aerosol 130 

flow ratio of 15:1.5 with a Kr-85 neutralizer (TSI 3077A) ion source was used to scan a range of mobility 131 

diameters; the nearly monodisperse classified particle stream was introduced into a Droplet 132 

Measurement Technologies Continuous Flow Streamwise Thermal Gradient Chamber Cloud 133 

Condensation Nucleus Counter (CCNC; Roberts and Nenes, 2005; Lance et al., 2006) and a Condensation 134 

Particle Counter (CPC, TSI model 3772 or model 3010). The CCNC was operated at a sample flow rate of 135 

0.5 L min-1 and a top-bottom column temperature difference between 4 and 15 K. This combination of 136 

instrumentation measured the particle number and the CCN activity as a function of mobility diameter 137 

and was merged using Scanning Mobility CCN Analysis (SMCA, Moore et al., 2010) to determine the CCN 138 
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activated fraction as a function of mobility diameter (the “activation curve”). An additional Scanning 139 

Mobility Particle Sizer (SMPS, TSI model 3936) was used as a replicate measurement of the size 140 

distribution. A single activation curve was gathered in 2.25 minutes with a 120 second upscan in voltage 141 

and a subsequent 15 second downscan. In the course of one experiment up to five supersaturations, 142 

ranging from 0.3% to 1.5%, were probed. Data collected during the transient period as the CCNC column 143 

temperatures were adjusted (to change supersaturation) was discarded.  144 

The CCNC was calibrated using approximately monodisperse ammonium sulfate aerosol 145 

following the procedure of Rose et al. (2008) and Engelhart et al. (2008). The CCNC setup during 146 

calibration was identical to that used during the experiments (Figure 1) with the substitution of a 147 

particle generation system for the reactor. Particle generation was conducted by pushing a 1 g L-1 148 

ammonium sulfate solution in pure water via a syringe pump into an atomizer (TSI 3076). The classified 149 

particle concentration was maintained below 5000 cm-3 by adjusting the flow rate of the syringe pump 150 

to avoid coincidence counting errors and supersaturation depletion effects in the CCNC (Lathem and 151 

Nenes, in review).  Atomized droplets were dried in a silica gel dryer followed by a pressure vent before 152 

being sampled by the DMA, CCNC and CPC. SMCA was used to invert the data, align the timing of the 153 

CPC and the CCNC, fit the sigmoidal curve and determine the activation diameter, being the diameter 154 

for which the normalized activation fraction (i.e., CCN/CN) is equal to 0.5 (e.g., Engelhart et al., 2008; 155 

Asa-Awuku et al., 2009; Moore et al., 2010). In cases where the asymptote of the sigmoid is not equal to 156 

1 the curve is normalized to one (or viewed another way the 50% activation is found to be half of the 157 

total height of the sigmoid). The sigmoidal fit is carried out neglecting the secondary peak located at 158 

CCN/CN values below 0.5. Köhler calculations for the effective supersaturation assumed the surface 159 

tension and density of water, an effective van’t Hoff factor of 2.5 (Gerber et al., 1977; Kumar et al., 160 
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2003; Petters and Kreidenweis, 2007; Rose et al., 2008) and the median temperature of the CCNC 161 

column.  162 

 163 

1.3.4 WSOC Sampling and Measurement 164 

Particles from experiments 5, 6, 7, and 8 were collected on Teflon filters for off-line analysis of 165 

the water-soluble organic carbon (WSOC) contained within the SOA. Following a similar procedure to 166 

Asa-Awuku et al. (2010) and Padró et al. (2010), the WSOC in the filter samples was extracted in pure 167 

water (18 MΩ-cm) during a 1.25 h sonication process with heat (water bath temperature approximately 168 

60°C). WSOC concentration was then measured with a Total Organic Carbon (TOC) Turbo Siever 169 

analyzer. 3-5 ml of extracted sample was atomized in a collision type atomizer, dried with two 170 

diffusional driers and subsequently classified with a scanning mobility particle sizer (TSI SMPS 3080) with 171 

a sheath to aerosol ratio of 10:1 L min-1 for analysis by a CPC and a CCNC as described in section 1.3.3. 172 

Activation diameters were determined for several supersaturations for a complete characterization of 173 

the WSOC CCN activity. The results were then parameterized in terms of their hygroscopicity parameter, 174 

and, analyzed to understand the origin of hygroscopicity for the isoprene SOA. Filters from experiments 175 

5, 6 and 7 were combined in 60 mL of water to form a filter extract solution containing 1.0 ppmC, and 176 

the material from experiment 8 was extracted separately in 60 mL of water to form a solution containing 177 

0.6 ppmC. Organic carbon concentrations were comparable to the trace concentrations of Na2CO3 and 178 

CaCO3 present in the water measured by ion chromatography.  Consequently, the hygroscopicity 179 

parameter of the water baseline was determined using the procedure above to be 0.49±0.03 and 180 

0.55±0.03 for experiments 5-7 and experiment 8 filter extracts, respectively. The contribution of the 181 

water baseline was subtracted from the total κ obtained for the filter extract (since κ, as described in the 182 
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subsequent section, is additive for mixtures) to determine the hygroscopicity parameter of isoprene 183 

WSOC. 184 

1.4 Theoretical Analysis of data 185 

1.4.1 Hygroscopicity Parameter, κ 186 

Petters and Kreidenweis (2007) proposed a hygroscopicity parameterization, derived from 187 

Köhler theory, to parameterize the observed CCN activity of aerosol: 188 
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where D is the diameter of the droplet, Dd is the diameter of the dry solute, s is the saturation ratio, 190 

as /  
is the surface tension of the solution/air interface, Mw is the molecular weight of water, R is the 191 

universal gas constant, w is the density of water, and T is temperature.  192 

 For submicron CCN with a substantial soluble fraction, κ can be determined from knowledge of 193 

the critical supersaturation and activation diameter of particles as, 194 
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2ln27

4
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where 3)/4( www RTMA , d is the dry activation diameter, and σw is the surface tension of water at 196 

the average instrument temperature. For hygroscopic SOA composed of a soluble fraction with volume 197 

fraction o, one can show that )/)()(( ooooww MM   where )( ooM is the average molar 198 

volume of the organic fraction and o is the effective van’t Hoff factor of the soluble organic (Asa-Awuku 199 

et al., 2010).  200 



10 

 

For calculation of , the organic density was estimated using the method of Kostenidou et al. 201 

(2007) “matching” the SMPS and AMS distributions. This method uses the organic aerosol density and 202 

the AMS collection efficiency as adjustable parameters to optimize the fit between the volume 203 

distribution measured by the SMPS and the mass distribution measured by the AMS. The average 204 

estimated AMS collection efficiency was 0.7 for these experiments. The organic density was relatively 205 

constant over the course of the experiments at a value of approximately 1.35 g cm-3 (Figure 2).  This 206 

value is within the expected range based upon density estimates of organic aerosol reported in the 207 

literature including 1.4 g cm-3 for Amazonian ambient sampling (Chen et al., 2009), 1.4-1.65 g cm-3 for 208 

laboratory produced SOA (Kostenidou et al., 2007) and 1.32 g cm-3 for organically dominated ambient 209 

aerosol (Cross et al., 2007). We will use this estimate of 1.35 g cm-3 in this work.  210 

 211 

1.4.2 Droplet activation kinetics 212 

 When exposed to the same supersaturation profile (that exceeds their critical supersaturation ) two 213 

CCN will activate and grow to cloud droplets of similar wet diameter, D, provided that their critical 214 

supersaturation and mass transfer coefficient of water vapor to the growing droplets is the same. The 215 

CCN instrument measures the sizes of droplets at the exit of its growth chamber by an optical particle 216 

counter; droplets with sizes larger than 1 µm are typically counted as CCN. The droplet size also contains 217 

information about the CCN activation kinetics and can be used to relate changes thereof from the 218 

presence of organics. In this study, we use approach of Threshold Droplet Growth Analysis (TDGA; Asa-219 

Awuku et al., 2008; 2009; Engelhart et al., 2008; Moore et al., 2008; Bougiatioti et al., 2009; Lance et al., 220 

2009; Sorooshian et al., 2008; Murphy et al., 2009; Asa-Awuku et al., 2010; Padró et al., 2010). TDGA 221 

uses a “reference” critical supersaturation - droplet size curve to define the minimum size of droplets 222 



11 

 

that are produced from rapidly-activating CCN (such as (NH4)2SO4 and NaCl).  In this study, we select the 223 

wet diameter, D, that corresponds to particles with critical supersaturation equal to the instrument 224 

supersaturation (i.e., CCN with a dry diameter equal to the activation diameter, d).  If SOA CCN produce 225 

droplets that are statistically smaller than the reference at identical critical superaturation (and for 226 

identical conditions of instrument operation), they are said to exhibit slower activation kinetics than the 227 

reference. If slow activation kinetics is detected, measurements of the CCN size distribution and 228 

hygroscopicity can be combined with a numerical model of the instrument to parameterize the 229 

activation kinetics (e.g., Asa-Awuku et al., 2009). 230 

 231 

1.5 Results and Discussion 232 

1.5.1 Nucleation and SOA Formation 233 

For experiments using HONO, a short delay (of order of a few minutes) preceded the onset of 234 

nucleation and growth to sizes detectable by the SMPS at 10 nm. The particles then went through a 235 

rapid period of coagulation and growth before forming a stable size distribution which gradually 236 

decayed from particle loss to the reaction chamber walls. An example of this process for experiment 4 is 237 

shown in Figure 3a.  In order to maintain conditions relevant to the atmosphere all but one of these 238 

experiments, experiment 8, was conducted at low SOA concentrations 2-9 g m-3. Experiment 8 was 239 

conducted at a higher mass concentration (around 30 g m-3) in order to increase the signal-to-noise 240 

ratio in the Q-AMS, and determine whether CCN activity is influenced by the presence of higher volatility 241 

compounds in the particle phase. The isoprene concentrations, as measured by m/z 69 on the PTR-MS, 242 

were stable before the reaction chamber lights were turned on causing a very rapid decay (Figure 3b). 243 
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As the isoprene was decaying, the signal related to the isoprene products methacrolein and methyl vinyl 244 

ketone (m/z 71) (Warneke et al., 2001) increased sharply, followed by particle number and mass growth. 245 

In contrast to the HONO hydroxyl radical source, which produces a fast burst of hydroxyl 246 

radicals, the HOOH radical source produces a lower, more sustained hydroxyl radical concentration. 247 

Figure 4 highlights the effects of this oxidant precursor change, including a much longer delay before 248 

particle formation, incomplete reaction of isoprene precursor gas, and little reaction of the monitored 249 

isoprene reaction products. 250 

 251 

1.5.2 CCN Activity of Online SOA 252 

In the first stage of the analysis all 2.5 minute activation diameter measurements (collected over 253 

several hours) were averaged for a given supersaturation. A typical experiment resulted in 254 

measurements of between 25 and 50 activation curves at a single supersaturation. Usually the CCN 255 

counter alternated between 4 supersaturations during an experiment.  Averaging the activation 256 

diameters for each supersaturation for each experiment generated a total of 37 measurements of 257 

average, online isoprene SOA CCN activity. The activation diameters were calculated using SMCA for 258 

each scan cycle of the DMA during a period of constant supersaturation in the CCNC. Measurements of 259 

activation diameters versus supersaturation from all experiments are shown in Figure 5. The CCN 260 

activities of the lower and higher SOA concentration experiments were quite similar. This suggests that 261 

the higher volatility isoprene SOA products have similar CCN properties as the ones with lower volatility 262 

for the concentration range (2-30 g m-3) explored in this study. 263 

Similar measurements of the CCN activity of the WSOC offline filter samples/extracts (also 264 

shown in Figure 5) indicated that the water-soluble fraction is more active than the parent SOA 265 
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measured online. The CCN activity of the isoprene SOA particles was similar to that of monoterpene SOA 266 

(Engelhart et al., 2008) (Figure 5) and significantly more active than β-caryophyllene SOA (Asa-Awuku et 267 

al., 2009). Additionally, the CCN activity of particles generated with OH from HOOH (under low NOx 268 

conditions) agreed (within the variability of the activation diameter measurements) with those from OH 269 

generated with HONO. The CCN activity also seemed to lack a correlation with SOA concentration (not 270 

shown), as the activation diameter for the higher mass concentration experiment (experiment 8), 271 

agreed to within uncertainty with the lower mass experiment.  272 

 273 

1.5.3 CCN Activity of the water-soluble fraction of SOA 274 

Using κ-Köhler theory, the hygroscopicity parameter of the water-soluble SOA was determined 275 

to be 0.31±0.03 for the two samples studied, which is in excellent agreement with SOA WSOC 276 

measurements of Engelhart et al. (2008), and Asa-Awuku et al. (2009, 2010), suggesting that the water-277 

soluble component of SOA from diverse parent hydrocarbons can be described well using a constant 278 

hygroscopicity. The CCN activity of this WSOC is higher than the parent isoprene SOA; given that 279 

SOA WSOC WSOC , where WSOC  is the volume fraction of water-soluble organics in the parent SOA 280 

(Asa-Awuku et al., 2010), ~ 0.1SOA  (Section 1.1.5) and  ~ 0.3WSOC , approximately 30% of the total 281 

SOA volume is water-soluble. The activation diameter of isoprene SOA WSOC versus supersaturation, as 282 

corrected for the water background, is shown for comparison in Figure 5. 283 

This value of  corresponds to an average molecular weight of 80±8 g mol-1, assuming the 284 

surface tension of water, w, (approximately 0.071 J m-2 for the instrument temperatures used in this 285 

study) and a van’t Hoff factor of 1. This molecular weight is about 50% lower than known low molecular 286 

weight oxidation products in isoprene SOA (tetrols and C4 - C5 dicarboxylic acids with a molecular weight 287 
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close to 130 g mol-1; Claeys et al., 2004). One potential explanation for the lower than expected 288 

molecular weight inference is the value of surface tension used. If organics depress surface tension (at 289 

the point of activation) to a value  less than w,  κ is overestimated by a factor of 
3)/)(1( ww  290 

(Asa-Awuku et al., 2010). Too little sample was obtained to facilitate direct surface tension 291 

measurements using the pendant drop technique (to determine an upper limit of surface tension 292 

depression) or to infer surface depression following the procedure of Asa-Awuku et al. (2008) or Moore 293 

et al. (2008).  Consequently, we cannot discern the exact contribution of soluble mass and surface 294 

tension effects. However, a surface tension depression of 5-10% (in the range inferred for water-soluble 295 

organics from other SOA systems; Asa-Awuku 2009,2010; Engelhart et al., 2008) would yield an average 296 

molecular weight close to 130 g mol-1 and an actual  between 0.22 and 0.28.  Future work will focus on 297 

repeating this analysis with sufficient SOA filter to carry out the full analysis.  298 

 299 

1.5.4 Extent of Oxidation and CCN Aging 300 

In the Q-AMS, mass to charge (m/z) 44 corresponds to the CO2
+ ion, which allows it to be used 301 

as a proxy measure of extent of oxidation. We calculate the fraction of organics at m/z 44, f44, as the 302 

concentration at m/z 44 divided by the total organic aerosol concentration. The fragments at m/z 43 are 303 

mostly C2H3O+ with some contribution coming from C3H7
+, so f43 can give us an indication of moderately 304 

oxidized aerosol in our experiments. No Q-AMS data was available for experiment 1.  305 

Evidence of aging occurring through hydroxyl radical attack, would manifest in the Q-AMS 306 

spectrum as an increase in f44 over time.  Using this metric, none of the low concentration experiments 307 

showed a statistically significant change in extent of oxidation at the 95% confidence level. An indirect 308 

expression of aerosol aging is the change in CCN activity over time; many of the experiments showed 309 
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little evidence of change in the SOA activation diameter for several hours after the formation of the 310 

particles. An example is shown in Figure 6, where results from experiment 2 clearly show stable CCN 311 

activity and f44 over time.  312 

While all low mass experiments had a stable f44, low mass experiments 9 and 10 showed a 313 

statistically significant decrease in f43. These experiments both had a second burst of hydroxyl radicals 314 

from a second addition of HONO later in the experiment, but the decay seems to be linear rather than a 315 

step change associated with this HONO addition. Looking at changes in CCN activity for these 316 

experiments, all of experiment 10 (Figure 7) and the first portion of experiment 9 (Figure 8) showed a 317 

statistically significant decrease in activation diameter at the 99% confidence level in all of the 318 

supersaturations measured. Experiment 10 showed a modest decrease in activation diameter with an 319 

average decrease of -1.1 nm hr-1 for the four supersaturations measured. In contrast to that the first 320 

4.25 hours of experiment 9 showed a change in activation diameter with an average decrease of -6.0 nm 321 

hr-1 for the four supersaturations measured. A change in the slope of the activation diameter versus time 322 

line coincided with the addition of a second aliquot of HONO and the activation diameter was steady for 323 

the remainder of the experiment (Figure 8). These changes in activation diameter may be related to 324 

trends in f43, other spectral changes that could not be elucidated from the Q-AMS, or they could be due 325 

to other transformations within the CCN.  326 

Since low concentration experiments push the sensitivity limits of the Q-AMS it is possible that 327 

noise was masking subtle trends.  Experiments with a higher organic aerosol concentration tend to have 328 

a reduced amount of noise in f44 and f43 as compared to their lower organic concentration counterparts. 329 

The higher mass experiment 8 (around 30 g m-3) did show a small, but statistically significant increase 330 

in f44 as a function of time (Figure 9). It also showed a corresponding decrease in f43. After the first 0.5 331 
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hours, when formation and growth of particles is occurring, f44 was increasing a rate of 0.08 hr-1and f43 332 

was decreasing at a rate of 0.12 hr-1. 333 

 Since most experiments did not demonstrate an increase in f44, we found the average f44 for all 334 

experiments in this study to be 0.108±0.028. Aiken et al. (2008) have shown a significant correlation 335 

between f44 and O:C for data in Mexico City. Using this fit our average f44 can be converted to an O:C of 336 

0.45 with an uncertainty from the data of 0.21, which is two standard deviations from the mean.  337 

The average f44 for this study is right at the threshold of 0.11 that King et al. (2009) has 338 

suggested is required to influence CCN activity for -pinene SOA. Their work showed an abrupt increase 339 

in CCN activity for particles with an f44 greater than 0.11. Therefore, we carefully examined experiments 340 

in this study with f44 both above and below this threshold value of 0.11. The highest average f44 for a 341 

single experiment was 0.13 (experiment 5), which was not discernibly more active as CCN compared to 342 

the lowest average f44 of 0.08 (experiment 4). In the King et al. (2009) work the f44 threshold coincided 343 

with a decrease in mass below 1 µg m-3, which is lower than the masses studied in this work potentially 344 

explaining the lack of a relationship between CCN activity and f44 for this isoprene SOA system. 345 

Overall this study of isoprene SOA aging suggests that as the CCN age their activity remains 346 

constant or increases modestly. This is likely not as important as the variation in CCN activity due to 347 

initial aerosol composition and size in understanding cloud formation. The hypothesis that the increase 348 

in CCN activity is due to aging from increased oxidation is not contradicted by this work. For low mass 349 

experiments it is difficult to discern changes in the AMS spectra, but a decrease in the fraction of less 350 

oxidized aerosol as measured by f43 is apparent. At higher aerosol concentrations both a trend of 351 

increasing f44 and decreasing f43 are observed. 352 

 353 



17 

 

1.5.5 Hygroscopicity Parameterization 354 

The  value was calculated for each supersaturation measured and all data points are plotted in 355 

Figure 10. The low NOx experiment had an average value of 0.14±0.02, which includes the range of the 356 

average value for all experiments which was 0.12±0.06. The water-soluble fraction of oxidation 357 

products obtained from the filter extract produced a higher value of 0.31±0.03. We can compare this 358 

to the monoterpene work conducted in the same chamber at Carnegie Mellon University which 359 

reported  values between 0.11 and 0.14 for the DMT CCN counter (Engelhart et al., 2008). Additionally, 360 

this isoprene SOA work is well within the range reported in the literature for other laboratory generated 361 

SOA systems reporting a range of  = 0.10 ± 0.04 (Prenni et al., 2007; Wex et al., 2009) and of ambient 362 

measurements of a largely biogenic SOA system where org≈0.1 (Gunthe et al., 2009). As the body of 363 

organic CCN literature continues to grow it seems increasingly likely that one  value may be 364 

representative of a broad range of SOA systems. 365 

 366 

1.5.6 Droplet Activation Kinetics 367 

In this study, we apply TDGA by comparing the size of droplet formed from SOA particles 368 

(measured in the optical partical counter at the exit of the CCN counter column) against the wet size of 369 

activated ammonium sulfate CCN with critical supersaturation equal to the instrument supersaturation. 370 

The final droplet diameter for the isoprene SOA CCN was at least as large as the ammonium sulfate 371 

standard. TDGA was applied to isoprene SOA generated in the chamber (Figure 11) as well as WSOC 372 

aerosol generated from filter extracts (not shown). Therefore, we conclude there is no evidence of 373 

delays in particle activation as compared to a known inorganic salt. 374 
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1.6 Conclusions 375 

The CCN activity of laboratory generated isoprene SOA was studied. The CCN active SOA did not 376 

seem to kinetically inhibit the growth of the droplets. The SOA was determined to be moderately 377 

oxidized with an f44 that was stable within an experiment with an average value of 0.11±0.03 for all 378 

experiments. For the majority of experiments the CCN activation diameter showed little or no increase 379 

in activity over the course of the experiments. This work finds an average  value of 0.12±0.06 for the 380 

online measurements and 0.31±0.03 for the water-soluble fraction (assuming no surface tension 381 

depression due to the organics), which adds to the increasing body of literature finding a similar range of 382 

kappa values for a suite of biogenic SOA precursors. These results suggest that approximately 30% of the 383 

SOA mass is water-soluble. Furthermore, the κ value for the WSOC is remarkably consistent with the 384 

findings of Engelhart et al., (2008) and Asa-Awuku et al. (2009; 2010) who also determined a water-385 

soluble κ value of approximately 0.3 for SOA obstained from alkenes, monoterpenes and sesquiterpene 386 

parent hydrocarbons. This suggests that the water-soluble fraction of SOA may be well-characterized 387 

using a single hygroscopicity. Finally, the activation kinetics is similar to that of ammonium sulfate. This 388 

is consistent with an emerging body of evidence showing that highly oxidized SOA (such as that studied 389 

here) does not inhibit the process of water vapor mass transfer from the gas onto the growing droplet 390 

population. 391 

 392 
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 601 

Table 1: Experiments carried out in isoprene SOA study 602 
 603 

Experiment 

No.

Isoprene 

initial (ppb)

Max SOA 

Formed ( g m
-3

)

Max Particle 

Number*10
-3

 (cm
-3

)
AMS f 44

a Filter Precool
NOx initial 

(ppb)

1
b

89 2 9.1 - no no 2c

2 61 4 870 0.11 no no 1000

3 120 5 770 0.11 no no 950

4 115 8 860 0.08 no no 1050

5 75 3 580 0.13 yes yes 750

6 58 3 670 0.13 yes yes 900

7 56 4 510 0.11 yes yes 900

8 260 30 1100 0.09 yes yes 900

9
d

64 9 790 0.11 no yes 500

10
d

83 7 620 0.1 no yes 650  604 
 605 
af44 = [m/z 44] ( g m-3) / COA ( g m-3), COA is the mass concentration of the total organic aerosol 606 
bExperiment under low NOx conditions with hydrogen peroxide as hydroxyl radical precursor 607 
cBelow instrument detection level 608 
dAdditional HONO added later in experiment 609 
 610 
 611 
 612 
 613 
 614 
 615 
 616 
 617 
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 618 
 619 
 620 
 621 
 622 
Figure 1: Experimental setup discussed in Section 1.3. 623 
 624 

 625 

 626 
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 627 
 628 

Figure 2: Time from lights on versus organic density as calculated by comparing SMPS mobility diameter 629 
distributions to Q-AMS aerodynamic diameter distributions for experiment 2. 630 



28 

 

 631 
 632 
Figure 3: Details from experiment 4. (a) SMPS mobility diameter as a function of time from lights on. The 633 
colors indicate the intensity of the particle concentration from 102 to 104 cm-3. (b) Time from lights on 634 
versus SMPS mass (blue circles), SMPS number (red diamonds), isoprene concentration as measured by 635 
m/z 69 (purple triangles) and concentration of isoprene products as measured by m/z 71 (green circles). 636 
 637 

(b) 

(a) 
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 638 
 639 
 640 
 641 
 642 
Figure 4: Time from lights on versus SMPS mass (blue circles), SMPS number (red diamonds), isoprene 643 
concentration (purple triangles) and concentration of isoprene products (green circles) for experiment 1 644 
(hydrogen peroxide as the hydroxyl radical source). 645 
 646 
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 647 
 648 
 649 
Figure 5: Activation diameter versus percent supersaturation for nine high NOx isoprene SOA 650 
experiments (shown in solid red) and one low NOx isoprene SOA experiment shown in blue (experiment 651 
1 in Table 1). Data from the high mass loading experiment (experiment 8 in Table 1) are outlined in 652 
black. Offline filter measurements of isoprene SOA WSOC activity are shown as unfilled red circles. 653 

Regions of monoterpene SOA (green) and -caryophyllene SOA (purple) from previous studies are 654 
highlighted for reference. Ammonium sulfate is shown in black.  655 
 656 

 657 
658 
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 664 
Figure 6: Time from lights on versus CCN activation diameter and fraction m/z 44 for experiment 2. 665 
Average activation diameters for each supersaturation as shown as black lines. Average f44 is shown as a 666 
magenta line. 667 
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 671 
 672 
Figure 7: Time from lights on versus CCN activation diameter for experiment 10. The black lines are 673 
trendlines for each supersaturation. 674 
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 681 
Figure 8: Time from lights on versus CCN activation diameter for experiment 9. The dashed line indicates 682 
the second hydroxyl radical burst upon illumination of a second aliquot of HONO. 683 
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 686 
 687 
 688 
 689 
Figure 9: Time from lights on versus f44 (red circles) and f43 (blue triangles) for experiment 8. There is a 690 
slight increase in f44 and a decrease in f43 over the course of the experiment with some initial transient 691 
effects as the organic aerosol is nucleating and growing. The red and blue lines are trend lines of the 692 
data after 0.5 hours. 693 
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 694 
 695 
 696 
 697 
 698 
Figure 10: Activation diameter versus supersaturation. Each point represents the average of the 699 
measurements at that supersaturation in each experiment. All but one experimental point lie within the 700 
region bounded by kappa equals 0.07 and 0.2, shown in red.  The black, dashed line indicates the 701 

average value for all experiments, 0.12. Lines of =0 (wetting by pure water) and 1 (very active) are 702 
also shown.  703 
 704 

 705 



36 

 

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

3 4 5 6 7

S
u
p
e
rs

a
tu

ra
ti
o
n
 (

%
)

Wet Diameter ( m)

Ammonium sulfate

Isoprene SOA

 706 
 707 
 708 
 709 
Figure 11: Droplet wet diameter versus percent supersaturation. Isoprene SOA particles are shown as 710 
red circles and ammonium sulfate particles are shown as black triangles. The gray region highlights a 711 
range of wet diameters versus supersaturation. 712 


