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Key Points: 16 

• organics and their reactions in particle phase can affect droplet growth rates 17 

• growth suppression is enhanced by high molecular weight organic compounds  18 

• modeled mass accommodation coefficient is consistent with field observations 19 
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Abstract.  20 

Aerosol-cloud interactions are affected by the rate at which water vapour condenses onto 21 

particles during cloud droplet growth. Changes in droplet growth rates can impact cloud droplet 22 

number and size distribution. The current study investigated droplet growth kinetics of acidic and 23 

neutral sulfate particles which contained various amounts and types of organic compounds, from 24 

model compounds (carbonyls) to complex mixtures (α-pinene SOA and diesel engine exhaust). 25 

In most cases, the formed droplet size distributions were shifted to smaller sizes relative to 26 

control experiments (pure sulfate particles), due to suppression in droplet growth rates in the 27 

cloud condensation nuclei counter. The shift to smaller droplets correlated with increasing 28 

amounts of organic material, with the largest effect observed for acidic seed particles at low 29 

relative humidity. For all organics incorporated onto acidic particles, formation of high 30 

molecular weight compounds was observed, probably by acid-catalyzed Aldol condensation 31 

reactions in the case of carbonyls.  To test the reversibility of this process, carbonyl experiments 32 

were conducted with acidic particles exposed to higher relative humidity. High molecular weight 33 

compounds were not measured in this case and no shift in droplet sizes was observed, suggesting 34 

that high molecular weightcompounds are the species affecting the rate of water uptake. While 35 

these results provide laboratory evidence that organic compounds can slow droplet growth rates, 36 

the modeled mass accommodation coefficient of water on these particles (α > 0.1) indicates that 37 

this effect is unlikely to significantly affect cloud properties, consistent with infrequent field 38 

observations of slower droplet growth rates. 39 

Index Terms: Aerosols and particles; cloud physics and chemistry; chemical kinetics and 40 

photochemical properties  41 

Keywords: clouds; droplet growth; organic aerosol; water uptake 42 



 

1. Introduction 43 

Atmospheric particles affect the radiative budget of the Earth directly by absorbing and 44 

scattering incoming radiation, or indirectly by influencing the microphysical properties, 45 

abundance, and lifetimes of clouds. This indirect effect represents one of the largest uncertainties 46 

in the assessment of global radiative forcing [Forster et al.,2007]. The activation of aerosol 47 

particles as cloud condensation nuclei (CCN) and their subsequent growth into cloud droplets by 48 

the condensation of water vapour are key processes that determine the magnitude of the cloud 49 

indirect effect [Chuang et al., 1997; Nenes et al., 2001].  50 

The ability of particles to act as CCN depends on their size and composition [e.g. Twomey, 51 

1977]. Given that organic compounds constitute a large fraction of ambient particles, many 52 

laboratory studies have focused on characterizing hygroscopic properties of model organic 53 

compounds. These studies have illustrated that organic constituents are quite hygroscopic, and 54 

can be of importance to cloud formation [e.g. Cruz and Pandis, 1997; Pradeep Kumar et al., 55 

2003; Shantz et al., 2003; Huff Hartz et al., 2005]. Since the chemical composition of ambient 56 

organic particles is highly complex, recent studies have shown that the influence of particle 57 

composition on CCN activity can be represented by a single hygrosopicity parameter, κ [Petters 58 

and Kreidenweis, 2007]. Additionally, studies have confirmed that the hygroscopicity of 59 

organics (κorg) can contribute to the CCN activity of ambient particles [e.g. Wang et al., 2008; 60 

Lance et al., 2009; Shinozuka et al., 2009; Chang et al., 2010; Poschl et al., 2010; Padro et al., 61 

2010; Moore et al., 2011].  62 

While the thermodynamic properties of organic-bearing particles are becoming well understood, 63 

much less is known regarding how organic compounds affect the rate of water vapour 64 



 

transportduring droplet growth (i.e. kinetic effects). Changes to the growth rate will affect cloud 65 

droplet size distribution, thus influencing the radiative properties as well as the lifetime of clouds 66 

[Leaitch et al., 1986; Nenes et al., 2001; Feingold and Chuang, 2002]. In fact, the assumption 67 

that the activation of particles to CCNcan be modeled only as an equilibrium process has been 68 

shown to be invalid in some conditions, leading to overestimates in cloud radiative forcing 69 

[Chuang et al., 1997; Nenes et al., 2001].Being highly uncertain, such kinetic limitations may 70 

arise due to slow solute dissolution associated with highly viscous organic particle phase [Asa-71 

Awuku and Nenes, 2007; Mikhailov et al., 2009; Koop et al., 2011], or the formation of organic 72 

films at the droplet surface [Podsimek and Saad, 1975; Feingold and Chuang, 2002]. 73 

To investigate whether kinetic limitations in droplet growth rate arise due to differences in 74 

chemical composition, previous studies compared the droplet size from the particle being studied 75 

to that grown from calibration inorganic particles (such as ammonium sulfate) with known rapid 76 

growth kinetics [e.g. Sorooshian et al., 2008; Lance et al., 2009; Shantz et al., 2010]. Studies 77 

have also coupled these measurements with a computational fluid dynamics model, where the 78 

effects on the droplet size can be parameterized to an effective mass accommodation coefficient 79 

(α), to which droplet growth is highly sensitive [Chuang, 2006; Asa-Awuku et al., 2009; 80 

Raatikainen et al., 2012].The effective mass accommodation coefficient accounts for all 81 

processes that determine the probability fora water molecule striking the particle surface being 82 

taken up by the growing droplet, including gas phase diffusion, interfacial transport, and bulk 83 

phase diffusion. In this regard, smaller droplet sizes arise due to the sample particles having 84 

lower values of α (i.e. slow droplet growth kinetics) than the standard (e.g. ammonium sulfate,   85 

α > 0.2). On the other hand, if the droplet size is indistinguishable from the standard, they are 86 

considered to have similar α values (i.e. rapid growth kinetics). It is generally assumed that only 87 



 

particles with values of α smaller than 0.1 will significantly impact cloud formation and 88 

shortwave cloud forcing [Nenes et al., 2002;Raatikainen et al., 2013]. 89 

Slow droplet growth rates have been observed in both laboratory and ambient measurements, yet 90 

it remains unclear the extent to which suppression in growth rates occur as only a limited number 91 

of studies have investigated this process. On the one hand, from the analysis of ten ambient data 92 

sets, Raatikainen et al. [2013] constrained the effective mass accommodation coefficient 93 

between the values of 0.1 to 1, indicating that rapid growth kinetics is globally prevalent. On the 94 

other hand, lab-generated carboxylic acid particles [Shantz et al., 2003], highly viscous 95 

sucrose/sodium chloride particles [Bones et al., 2012], mineral dust particles [Kumar et al., 96 

2011], and secondary organic aerosol from β-caryophyleneozonolysis[Asa-Awuku et al., 2009] 97 

exhibited slow droplet growth kinetics. There are also ambient observations of kinetic limitations 98 

where slow droplet growth rates were observed arising from different particles sources, such as 99 

bovine emissions [Sorooshian et al., 2008]; and continental particles containing anthropogenic 100 

organic components [Shantz et al., 2010]. These contrasting results, both from the laboratory and 101 

in the field, pose a challenge to determine whether the kinetic limitation of droplet growth is an 102 

important process. While previous studies have identified certain compounds and particle 103 

sources that can result in such kinetic limitations, more work is required to further explore the 104 

droplet growth of a wider range of organic particles; in particular, biogenic SOA material, which 105 

is abundant in the atmosphere [Hallquist et al., 2009]. Additionally, given ambient observations 106 

that organic particles are chemically reactive [Jimenez et al., 2009], it is necessary to investigate 107 

how the chemical evolution of organics affects their droplet growth kinetics. 108 

Given that the effects of many atmospherically-relevant organic compounds on droplet growth 109 

are currently unknown, the objective of the current study is to investigate the droplet growth 110 



 

kinetics of particles composed of both inorganic hygroscopic components and various organic 111 

compounds with different functionalities: α-pinene SOA, carbonyls, and diesel engine exhaust. 112 

The size of droplets arising from organic-bearing sulfate particles was measured using a CCN 113 

counter, from which droplet growth was inferred. The effects of chemical evolution of organic-114 

bearing particles on growth rates were also investigated. Finally, the mass accommodation 115 

coefficient of water onto growing droplets was modeled to assess the potential atmospheric 116 

impacts of delayed growth kinetics.    117 

2. Experiment  118 

To investigate whether the addition of organic compounds to particles affects their droplet 119 

growth, size-selected sulfate seed particles were exposed to various organics in an environmental 120 

chamber or flow tube. The chemical composition and droplet growth of these resulting particles 121 

were monitored using online measurements. α-pinene, 2-pentanone and 1-octanal (Sigma-122 

Aldrich) were introduced into a 2 m3 dark Teflon chamber (batch mode) by slowly injecting a 123 

small volume of the liquid organic into 10 L min-1 of zero air for 10 minutes (final 124 

concentrations: 34 - 78 ppb of α-pinene, 600 ppb of 2-pentanone and 600 ppb of 1-octanal).  125 

Sulfuric acid (SA, 10% w/v) and ammonium sulfate (AS, 0.1% w/v) seed particles were 126 

generated using a TSI atomizer (Model 3076), dried using a silica-gel diffusion dryer, then size-127 

selected at a mobility diameter of 200 nm by a TSI-3081 DMA. Size-selected particles were 128 

introduced into the chamber until sufficient number concentrations and mass loading for particle 129 

measurements were achieved. SA and AS were chosen as they are ubiquitous in the atmosphere 130 

and are commonly used seed particles in laboratory chamber studies.   131 



 

To generate SOA, pulses of a 4 L min-1 ozone (2 ppm) flow were introduced into the chamber 132 

for a time period of 30 seconds to 2 minutes. Multiple pulses of ozone were injected to generate 133 

increasing amounts of SOA material (monitored by increasing organic-to-sulfate mass ratio by 134 

the Aerosol Mass Spectrometer, described below), and to prevent homogeneous nucleation. 135 

Particle size distribution measurements by an SMPS (DMA, TSI-3080 and CPC, TSI-3076) 136 

during control experiments indicated no homogeneous nucleation occurred upon the reaction of 137 

α-pinene and ozone. Unless specified, the relative humidity (RH) for all experiments was under 138 

12% in the Telfon chamber (Vaisala HMP60 probe), i.e. the SA particles were liquid and very 139 

acidic, whereas the AS particles were solid and neutral. Multiple experiments were conducted to 140 

ensure reproducibility.   141 

Similar experiments utilizing diesel engine exhaust were conducted at Environment Canada's 142 

Environmental Technology Centre in Ottawa, ON, Canada as part of the Diesel Engine Exhaust 143 

Research Experiment (DEERE) 2012. Specific details of the engine conditions and flow tube 144 

setup are discussed elsewhere [Wentzell et al., 2013]. A Jetta TDi engine equipped with a diesel 145 

oxidation catalyst (DOC) was operated under steady state driving conditions [Wentzell et al., 146 

2013] with the engine exhaust directly vented into a constant volume sampling (CVS) system, 147 

where it was mixed with filtered laboratory air to maintain a constant volume flow. The diluted 148 

exhaust flow was then filtered to remove particles prior to injection into an electro-polished 149 

stainless steel flow tube with an inner diameter of 0.2 m and 2.5 m in length. Five sampling ports 150 

were located along the length of the flow tube at equal intervals. Additional details of the flow 151 

tube are discussed elsewhere [Li et al., 2011]. Acidic sulfate particles with 1:4 and 2:5 152 

ammonium:sulfate molar ratio were generated (TSI 3081 atomizer) and size-selected (Dm = 300 153 

nm, TSI 3081 DMA) prior to injection into the flow tube. The total flow rate in the flow tube 154 



 

was 20 L min-1, resulting in a total residence time of 10 min. For all the experiments considered 155 

for this study, the RH was below 20% in the flow tube, and samples were measured from the 156 

fifth sampling port, resulting in a residence time of 8 min. 157 

For experiments conducted in both the Teflon chamber and the flow tube, the chemical 158 

composition of the particles was measured online using the time-of-flight Aerosol Mass 159 

Spectrometer (ToF-AMS, Aerodyne Research, Inc.), providing chemical composition of the non-160 

refractory component of particles [Drewnick et al., 2005; DeCarlo et al., 2006]. Both high 161 

resolution (HR-ToF) and compact (C-ToF)AMS instruments were used in this study, however, 162 

while the HR-ToF-AMS was operated by alternating between V- and W-mode, only V-mode 163 

data were analyzed from the high resolution version for comparable limit of detection to the C-164 

ToF-AMS. The mode of operation of the HR-AMS refers to the different ion paths in the ToF 165 

mass spectrometer, where V-mode is more sensitive, but offers lower mass resolution than W-166 

mode. Details of the AMS principles of operation and typical data analysis procedures are 167 

reviewed in the literature [Canagaratna et al., 2007].  168 

During these experiments, the CCN properties of particles were continuously measured by first 169 

drying the particles using a silica gel diffusion dryer (residence time of 20 seconds), then 170 

sampling by a Condensation Particle Counter (CPC, TSI-3075), and a Cloud Condensation 171 

Nuclei Counter (CCNC, DMT-100). Particles were exposed to a maximum water supersaturation 172 

of 0.3% in the CCNC for the Teflon chamber experiments, and 1.0% for the DEERE 173 

experiments. For all experiments, 100% of particles activated into droplets, as measured by the 174 

ratio of the number of CCN (measured by the CCNC) to the total particle number concentration 175 

(measured by the CPC). 176 



 

To investigate droplet growth kinetics, the geometric mean diameters were calculated from the 177 

measured water droplet size number distributions measured by the optical particle counter (OPC) 178 

in the CCNC. The calculated droplet sizes from inorganic particles with organics were compared 179 

to those arising from bare inorganic particles (i.e. no organics). The addition of organic material 180 

onto the sulfate seed particles increased the particle geometric mean diameter up to 10%, as 181 

measured by an SMPS (DMA, TSI-3080 and CPC, TSI-3076). This additional hygroscopic 182 

material may affect droplet sizes by lowering the critical supersaturation of the particle due to 183 

increased solute amount, whereby it activates into a droplet earlier in time, allowing for more 184 

growth in the CCNC, thus resulting in larger droplets.  To evaluate the effects an increased 185 

amount of hygroscopic material would have on droplet size, the droplet sizes of particles with 186 

varying amounts of a highly hygroscopic material were compared. This was conducted by 187 

comparing droplet sizes arising from pure sulfuric acid seed particles with different mobility 188 

diameters (200 - 220 nm), at similar particle number concentrations (1100 - 1250 #/cm3). Similar 189 

particle concentrations were used to account for water vapour depletion in the CCNC, as 190 

discussed below. No significant differences in the resultant droplet diameters were observed due 191 

to increased amounts (up to 30%) of sulfuric acid. Since sulfuric acid is more hygroscopic than 192 

the organic compounds used in this study, we infer from these control experiments that the 193 

addition of organic material onto sulfate seed particles does not affect droplet size due to changes 194 

in particle hygroscopicity (i.e. thermodynamic processes). From these control experiments we 195 

know that if the addition of hygroscopic organic material resulted in smaller droplets, then a 196 

suppression in droplet growth rates is implied.  197 

We note that Lathem and Nenes [2011] observed that there is a small dependence of droplet size 198 

on particle number concentration in the CCNC. When particle number concentration is large 199 



 

enough, the rate of water uptake increases to a point where water vapour depletion in the CCNC 200 

occurs, affecting the supersaturation and the size growing droplets can reach. Since chamber 201 

experiments were done in batch mode, where particle concentration decreases over time due to 202 

wall loss, this effect must be accounted for in order to study droplet growth kinetics. This 203 

relationship was empirically measured for pure inorganic particles (e.g. dashed lines in Figure 1), 204 

and this is the reference state to which the sizes of droplets grown from particles with organics 205 

are compared. This water vapour depletion effect is consistent with the observations by Lathem 206 

and Nenes[2011]. Accounting for this effect, and that all particles were exposed to identical 207 

supersaturations and residence times in the CCNC, differences in droplet sizes were inferred to 208 

be due to differences in droplet growth kinetics. It is important to note that we cannot distinguish 209 

whether differences in droplet size arose due to a differences in overall or initial water uptake 210 

rate.   211 

3. Results and Discussion 212 

3.1. α-Pinene SOA  213 

The comparison of the droplet sizes arising from bare inorganic particles (dashed line) with those 214 

with α-pinene SOA material (coloured square and circle points) is shown in Figure 1. From these 215 

plots, at the same particle concentration, differences in droplet size between the bare inorganic 216 

particle and those with organic material arise due to differences in droplet growth kinetics. The 217 

colour scale indicates the organic-to-sulfate (org:sulfate) mass ratio from AMS measurements, as 218 

an indication of the amount of organics added to the sulfate seed particles. For both SA and AS, 219 

the addition of SOA material (indicated by the increasingorg:sulfate ratio) resulted in smaller 220 

droplets than those of the bare inorganic particle, where this decrease in droplet size is greater for 221 



 

SA than AS.  The differences in droplet size arising from SA and AS may have arisen due to 222 

differences in the amount of organics in the particles.  223 

At the RH employed in these experiments (RH<12%), SA and AS have different liquid water 224 

content, resulting in large differences in particle acidity as well as different physical states (i.e. 225 

liquid SA and effloresced AS). Previous studies have shown that particle acidity affects the 226 

uptake of organics, where acidic particles enhanced the uptake of organics [Jang et al., 2002; 227 

Surratt et al., 2007]. The physical state of particles can also affect the uptake of organic 228 

compounds, by changing their gas-particle partitioning [Zuend and Seinfeld, 2012]. These 229 

differences in particle properties can result in differences in the amount of organics taken up by 230 

SA and AS.  Note that for SA, the particles have an org:sulfate ratio of approximately 0.3 prior 231 

to ozone addition, suggesting uptake of α-pinene, which was previously observed by Liggio et 232 

al., [2007], also resulted in smaller droplets in one case. For AS, slower droplet growth was only 233 

observed following addition of ozone into the chamber, initiating the ozonolysis of α-pinene to 234 

generate SOA material that condenses onto the particle.  235 

Figure 2 further illustrates the role of organics in affecting droplet growth for the condensation of 236 

SOA material onto SA and AS. Here, droplet growth suppression was calculated as the fraction 237 

of the droplet geometric mean diameter with (Dd) and without organics present (Dd, control), at the 238 

same particle number concentration. For both types of particles, increasing amounts of SOA 239 

material result in a greater suppression in droplet growth kinetics, as indicated by the decreasing 240 

droplet size with increasing org:sulfate ratio. Given the same amount of organic material (i.e. 241 

same org:sulfate ratio), the suppression in droplet growth is greater when SOA material 242 

condensed onto SA, suggesting that this enhancement in droplet growth suppression was due to 243 

differences in the nature of the organics in the particles.  244 



 

A different particle composition for SA seed particles is demonstrated by the aerosol mass 245 

spectra of the organic component during SA and AS experiments. The mass loading at each m/z 246 

is normalized to the total organic mass to account for particle wall-loss in the Telfon chamber. 247 

Over the course of the experiments, organic fragments at higher m/z increased (Figure S1) for SA 248 

seeds. This can also be observed in the time series of the various particle components measured 249 

by the AMS (Figure 3), where the fraction of organic mass at high m/z (forg, high m/z) increased 250 

over the course of the experiment only for SA. The decrease in the mass loading for the various 251 

components is due to particle loss to the chamber walls.  Given the harsh ionization and 252 

fragmentation associated with the AMS, organic fragments at high m/z likely result from the 253 

fragmentation of even higher molecular weight species. Here, higher molecular weight products 254 

are defined as organics that resulted in fragments at m/z higher than the molecular weight of 255 

pinic acid, a common oxidation product of α-pineneozonolysis[Jerkin et al., 2000].    256 

The formation of high molecular weight products observed in the current study can occur in both 257 

the gas phase [Muller et al., 2008] and the particle phase [Jang et al., 2002; Gao et al., 2004; 258 

Tolocka et al., 2004; Liggio et al., 2007; Surratt et al., 2007].  Given that the oxidant levels and 259 

the reaction time for α-pineneozonolysis are similar for SA and AS, we speculate that the 260 

formation of high molecular weight compounds occurred due to differences in particle acidity. In 261 

fact, previous studies have shown that in acidic particles, organic compounds can undergo 262 

various condensed-phase reactions, generating higher molecular weight compounds/oligomers 263 

[Jang et al., 2002; Gao et al., 2004; Tolocka et al., 2004; Surratt et al., 2007]. In particular, 264 

organosulfate formation has been observed following the uptake of α-pinene SOA material onto 265 

acidic particles [Surratt et al., 2007], and these compounds are likely to be surface active 266 

[Noziere et al., 2010]. Surface-active species can form an organic film, which can potentially 267 



 

inhibit the uptake of water vapour, resulting in suppression in droplet growth as observed in the 268 

current study [Gill et al., 1983; Feingold and Chuang, 2002; Davis et al., 2013]. The observed 269 

slower growth kinetics may also have arisen from the SOA material being in a glassy, highly 270 

viscous state, which has been reported for SOA particles originating from terpene oxidation at 271 

ambient temperature and lower RH [Virtanen et al., 2010; Saukko et al., 2012], conditions 272 

comparable to those in the current study.  The exact mechanism that resulted in the observed 273 

slow droplet growthis difficult to assess at this time.  274 

3.2. Carbonyls 275 

To further investigate the effects of acid-catalyzed reactions in the particle phase on droplet 276 

growth kinetics, the growth of SA and AS seeds exposed to two organic compounds with ketone 277 

(2-pentanone) and aldehyde (1-octanal) functionalities were examined. In the presence of acids, 278 

ketones and aldehydes undergo Aldol condensation reactions in bulk solutions, generating higher 279 

molecular weight compounds [Clayden et al., 2001]. Such reactions forming oligomers and/or 280 

high molecular weight species have been observed previously [Jang et al., 2002; Kalberer et al., 281 

2004; Liggio et al., 2005;Gardland et al., 2006]. As shown in Figure 4, under the same relative 282 

humidity conditions, slower droplet growth only arises when the two carbonyl compounds were 283 

exposed to SA. For AS, since negligible amounts of particulate organic material were measured 284 

by the AMS, the time series and the organic mass spectrum are not shown, and the org:sulfate 285 

ratio was taken to be zero. The differences in the amount of particulate organic were due to the 286 

fact that the uptake of these volatile carbonyl compounds is enhanced by acid-catalyzed reactions 287 

[Noziere and Reimer, 2003; Liggio et al., 2005; Zhao et al., 2005]. These results suggest that the 288 

presence of organic material results in the suppression of droplet growth rates.  289 



 

Since Aldol condensation reactions are reversible in the presence of water [Clayden et al., 2001], 290 

the RH in the chamber was increased to 40% to demonstrate the effects of this reaction on 291 

droplet growth. At higher RH, the liquid water content increases for SA particles [Steele and 292 

Hamill, 1981], which will reverse the reaction, decreasing the amount of high molecular weight 293 

products.  As well, the acidity will be lower.  As demonstrated in Figure 4, for a given amount of 294 

organic material in the particles, the suppression of droplet growth was diminished at higher RH, 295 

suggesting that the Aldol condensation reaction forms compounds that contribute to the 296 

suppression in droplet growth kinetics for carbonyls on SA. However, we note that it is possible 297 

that the role of water as a plasticizer would have also given rise to the results observed at higher 298 

RH, if the particles were less solid, leading to faster dissolution of organics compared to lower 299 

RH conditions.The AMS time series shown in Figure 5 indicated that at similar org:sulfate ratios, 300 

the fraction of higher molecular weight products is higher for SA under lower RH conditions, 301 

consistent with previous observations [Liggio et al., 2006; Chan et al., 2013]. For carbonyls, 302 

higher molecular weight compounds are defined as organic fragments having m/z higher than 1-303 

octanal. These observations suggest that formation of higher molecular weight compounds by 304 

acid-catalyzed reactions give rise to the suppressionin droplet growth kinetics, and that the extent 305 

of suppression depends on RH.  306 

3.3. Engine Exhaust 307 

Previous ambient observations reported that particles containing organics of anthropogenic 308 

origin exhibited suppressed droplet growth kinetics [Shantz et al., 2010]. The current study 309 

examined in a more systematic manner the effects of organics on droplet growth from a complex 310 

source, i.e. vehicle engine exhaust.  In particular, the acidity of the sulfate particles was varied to 311 

further investigate whether acid-catalyzed reactions of engine exhaust organics affect droplet 312 



 

growth. Following exposure to diesel engine exhaust, suppression in droplet growth was 313 

observed for acidic sulfate particles (Figure 6). Increased particle acidity did not give rise to 314 

larger suppression in droplet growth. Comparison of the mass spectra (Figure S2) also suggests 315 

differences in the observed organic components, where more organic mass at m/z> 150 was 316 

observed for sulfate particles of lower acidity. The variability in the observations may have 317 

arisen due to variations in engine operation conditions, which affects the composition of the 318 

exhaust [Lloyd and Cackette, 2001]. Nevertheless, particles with a higher fraction of organics at 319 

high m/z(forg, high m/z) correlated with greater growth kinetics suppression, where forg, high m/z for 320 

acidic sulfate (1:4 NH4
+:SO4

2-) is 0.016, and 0.098 for acidic sulfate (2:5 NH4
+:SO4

2-). Here, high 321 

molecular weight compounds are defined as giving rise to organic fragments higher than m/z 322 

150.These observations further suggest that higher molecular weight organic compounds can 323 

lead to the suppression of droplet growth.  324 

3. 4. Interpreting the Degree of Droplet Growth Suppression 325 

Using the coupled microphysical-fluid dynamical model of the DMT CCNC [Raatikainen et al., 326 

2012], we modeled the experimental results with the goal being to determine the effective mass 327 

accommodation coefficient of water vapour onto the particles as they activate and grow into 328 

droplets. While the data indicated clearly that smaller droplets were formed when organics were 329 

condensed onto the sulfate cores, the degree of growth kinetics suppression will determine the 330 

overall atmospheric impact of the results. SOA material condensed onto sulfuric acid seed 331 

particles was chosen for modeling because the largest suppression in droplet growth kinetics was 332 

observed using this system. The input to the model included the total pressure, temperatures, and 333 

flows of the CCNC, as well as dry particle size distributions and assumed hygroscopicities. κ= 334 

0.1 was used for SOA material, although the mass accommodation coefficient was insensitive to 335 



 

the κ-value, consistent with the results from Raatikainen et al. [2012, 2013]. Water depletion 336 

effects were fully accounted for in the model. According to Raatikainen et al. [2012; 2013], the 337 

value of the mass accommodation coefficient, inferred from CCN size distributions, cannot be 338 

precisely determined when shifts in droplet size are less than 0.3 microns. This was referred to as 339 

the “unresolvable range” of mass accommodation coefficient by Raatikainen et al.[2012].  340 

For the system considered, the variations in droplet sizes were at most 0.3 microns. Given this, 341 

for the system considered, the mass accommodation coefficient for water onto the growing 342 

droplets ranges between the values of 0.1 and 1.0 – comparable to that of the standard reference 343 

particles (ammonium sulfate).  We note that the model predicts droplet size changes of 0.9 and 344 

1.8 microns for mass accommodation coefficients of 0.05 and 0.02, respectively.  Changes of 345 

this magnitude are clearly much larger than the measurement precision, which as shown in 346 

Figure 1, is very high.  As a result the data rule out mass accommodation coefficients this small.    347 

A decrease in the mass accommodation coefficient from 1.0 to 0.1 has been modeled to result in 348 

a relatively small (10-15%) increase in the number of cloud droplets globally [Raatikainen et al., 349 

2013]. This observation is also consistent with laboratory measurements which show that the 350 

kinetics of evaporation and condensation of water was negligibly influenced by the presence of 351 

an organic film except for specific conditions (i.e. films of hydrocarbons with carbon chain 352 

length larger than 12) [Davis et al., 2013]. 353 

4. Conclusions and Atmospheric Implications 354 

Organic material, such as SOA, carbonyls, and diesel engine exhaust, when condensed onto 355 

hygroscopic particles, resulted in the suppression of droplet growth kinetics, which was only 356 

observed under low relative humidity conditions. We speculate that this was due to the formation 357 



 

of higher molecular weight organic products in the particle-phase. While these experimental 358 

observations show that the addition of organics to a highly hygroscopic core can slow the rate of 359 

growth of particles into droplets, the modelled mass accommodation coefficient lower limit of 360 

0.1 suggests that the observed suppression in droplet growthare not large enough that this 361 

process will become rate-limiting in the environment. In this manner, the results are fully 362 

consistent with the analysis of field data by Raatikainen et al. [2013] which showed that kinetic 363 

effects larger than this limit were infrequently observed in the environment.  This conclusion is 364 

strengthened by the observation that the strongest effects were only observed under the 365 

conditions of very high particle acidity and low relative humidity, which only rarely prevail in 366 

the atmosphere.   367 

Despite the fact that suppressionin water uptake by the addition of organics to sulfate particles 368 

appear to not be an important process governing cloud properties, the kinetic limitations of 369 

transport driven by the presence of organic compounds observed in the current study may also 370 

occur for the transport of other important atmospheric species. Such kinetic limitations of gas 371 

uptake can influence the reactivity, and thus, properties of organic-containing particles. For 372 

example, Liggio et al. [2011] observed that the uptake of ammonia onto acidic sulfate particles 373 

was reduced in the presence of ambient organic gases, suggesting that ambient organic particles 374 

can remain more acidic for longer than expected in the atmosphere. From flow tube experiments, 375 

Shiraiwa et al. [2011] and Zhou et al. [2012, 2013] have shown that ozone uptake onto particles 376 

with organic compounds can be kinetically hindered due to slow diffusion, which has 377 

implications for the lifetime of organic compounds in the atmosphere. As such, it is important to 378 

understand whether the uptake of other important atmospheric species, such as OH radicals, is 379 

affected by organic compounds.  380 



 

As well, we point out that this work has direct implications to smog chamber studies that study 381 

SOA formation yields and aerosol processing given that many of these studies are performed 382 

with aerosol seeds similar to those used in this experiment, i.e. either pure sulfuric acid or solid 383 

ammonium sulfate, at low relative humidity. Thus, the high molecular weight organics species 384 

and kinetics limitationsin gas phase uptake observed here may also occur in those experiments, 385 

at least at early times.  386 

Overall, the current study demonstrated that under specific conditions (e.g. low RH), organics 387 

and their reactions in the particle-phasecan affect the rate of water droplet growth but not to the 388 

degree such that the process will be limiting to the growth of particles intro droplets formed in 389 

atmospheric warm clouds. However, we note that this process was only studied for a limited 390 

range of conditions (e.g. temperature, RH, particle acidity) and that there may be other 391 

atmospherically-relevant conditions where droplet growth could be suppressed. Additionally, 392 

likely arising via similar mechanisms, such kinetic limitations can be important to the gas-393 

particle transport for other atmospherically-relevant species.  394 
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Figures.  643 

Figure 1.Geometric mean diameter of droplets plotted as a function of seed particle number 644 

concentration (#/cm3) for α-pinene SOA condensed onto sulfuric acid (a) and ammonium sulfate 645 

particle (b). Each data point and the corresponding error bars for seed particle number 646 

concentration and droplet diameters reflect the 5 minute averages of the measurements and ±1σ 647 

of  measurement variability. The results for controls (bare inorganic particles) are indicated by 648 

the dashed lines (grey area, ±1σ).  649 



 

 650 

Figure 2. Fraction of the geometric mean diameter of droplets with (Dd) and without (Dd, control) 651 

α-pinene SOA on sulfuric acid (red circle) and ammonium sulfate (blue square) seed particles, 652 

plotted as a function of the org:sulfate mass ratio. The dashed line indicates no change in droplet 653 

diameter, drawn to guide the eye. 654 

 655 

Figure 3. Time series of various particle components measured by the AMS for α-pinene SOA 656 

condensed onto sulfuric acid (left) and ammonium sulfate (right) seed particles.The decrease in 657 

the mass loadings for the various components is due to particle loss to the chamber walls. 658 

 659 

Figure 4. Fraction of the geometric mean diameter of droplets with (Dd) and without (Dd, control) 660 

2-pentanone and 1-octanal on sulfuric acid at RH 11% (red circle) and RH 40% (open circle), as 661 

well as ammonium sulfate (blue square) seed particles, plotted as a function of the org:sulfate 662 

ratio.  663 

 664 

Figure 5. Time series of various particle components measured by the AMS for carbonyls 665 

condensed onto sulfuric acid seed particles at RH 11% (left) and 40% (right).  666 

 667 

Figure 6. Fraction of the geometric mean diameter of droplets with (Dd) and without (Dd, control) 668 

engine exhaust on acidic sulfate with NH4
+:SO4

2- ratio of 1:4 (red circle), and NH4
+:SO4

2- ratio of 669 

2:5 (green circle), plotted as a function of the org:sulfate ratio.  670 
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