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Synopsis 50 

We report an increase in organic aerosol mass with increasing relative humidity, associated 51 

with increased partitioning of more volatile compounds. 52 
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Abstract 54 

The mechanistic pathway by which high relative humidity (RH) affects gas–particle 55 
partitioning remains poorly understood, although many studies report increased secondary 56 
organic aerosol (SOA) yields at high RH. Here, we use real-time, molecular measurements of 57 
both the gas- and particle phase to provide a mechanistic understanding of the effect of RH on 58 
the partitioning of biogenic oxidized organic molecules (from α-pinene and isoprene) at low 59 
temperatures (243 and 263 K) at the CLOUD chamber at CERN. We observe an increase in 60 
SOA mass of 45 and 85 % with increasing RH from 10-20 % to 60-80 %, at 243 and 263 K 61 
respectively, and attribute it to the increased partitioning of semi-volatile compounds. At 263 62 
K, we measure a factor 2-4 increase in the concentration of C10H16O2-3, while the particle-phase 63 
concentrations of low-volatility species, such as C10H16O6-8, remain almost constant. This 64 
results in a substantial shift in the chemical composition and volatility distribution towards less 65 
oxygenated and more volatile species at higher RH (e.g., at 263 K, O:C ratio = 0.55 and 0.40, 66 
at RH = 10 and 80 %, respectively). By modeling particle growth using an aerosol growth 67 
model, which accounts for kinetic limitations, we can explain the enhancement in the semi-68 
volatile fraction through the complementary effect of decreased compound activity and 69 
increased bulk-phase diffusivity. Our results highlight the importance of particle water content 70 
as a diluting agent and plasticizer for organic aerosol growth.  71 

1. Introduction 72 

Organic aerosols (OA) are a ubiquitous and important fraction of submicron atmospheric 73 
aerosols, with a large part being secondary organic aerosol (SOA), formed from the oxidation 74 
and subsequent condensation of gas-phase precursors.1 Understanding the processes affecting 75 
the growth and composition of SOA are key steps toward mitigating the environmental effects 76 
of atmospheric aerosols. 77 

Water vapor, because of its availability and variability in the atmosphere, can be taken up by 78 
particles, affecting the extent of gas–particle partitioning of organic compounds. Previous 79 
experimental work has shown mixed effects of relative humidity (RH) on SOA growth, 80 
possibly depending on the experimental conditions used and the instrumentation available. 81 
Chamber studies studying monoterpene SOA either using high seed concentrations and/or high 82 
OA mass (on the order of 100 µg/m3) reported no significant changes to SOA mass at high 83 
RH.2,3 Meanwhile, Prisle et al. (2010)4 observed increased monoterpene SOA growth with 84 
increasing RH at low initial SOA mass concentration, with this RH effect becoming less 85 
significant at higher SOA mass concentrations. Similarly, Pankow et al. (2010)5 theoretically 86 
predicted an increase of SOA mass with RH, particularly at low SOA loadings where most of 87 
the condensable compounds are not already condensed. The increase in SOA mass with RH is 88 
experimentally also observed in studies using lower mass concentrations (< 20 µg/m3).6,7 89 
Therefore, this current study focuses on atmospherically relevant mass concentrations (2-4 90 
µg/m3 at dry conditions), where the sensitivity to changes in RH should be highest. Moreover, 91 
while previous work was mainly carried out at room temperature, our work aims to replicate 92 
free tropospheric conditions through both the low experimental tempreatures (243 and 263 K) 93 
and relevant mass concentrations. 94 



  

 95 

The RH can affect gas-particle partitioning due to both thermodynamic and kinetic processes. 96 
Thermodynamically, the driving force of condensation is given by the difference of the 97 
condensable vapor concentration (Cg) and its equilibrium particle-phase concentration (Ceq). 98 
Increasing the particle water content would increase the driving force of condensation by 99 
decreasing Ceq, effectively diluting the particle and lowering the activity of the organics. 100 
Kinetically, condensation may be inhibited at sufficiently low RH, with numerous previous 101 
studies reporting uptake limitations due to low particle diffusivity.7–11 Low particle diffusivity 102 
could lead to higher particle-phase activity at the surface, as condensed species are unable to 103 
diffuse towards the interior of the particle. At higher RH, particle water can act as a plasticizer, 104 
decreasing the viscosity and increasing the particle diffusivity.12 Additionally, studies have 105 
proposed reactive uptake of water-soluble organics such as glyoxal and methylglyoxal under 106 
high RH conditions, further increasing the SOA mass at high RH.13,14 However, some previous 107 
work also reported a decrease in SOA mass at high RH for isoprene + NOx

 (nitrogen oxides) 108 
and toluene SOA, associated with a decrease in oligomerization at high RH.15–17  109 

In this work, through simultaneous online measurements of the molecular composition of the 110 
gas and aerosol species , we elucidate the mechanistic pathways by which particle water affects 111 
SOA growth from biogenic vapors (α-pinene and isoprene). Experiments have been conducted 112 
in a well-controlled environment at the “Cosmics Leaving OUtdoor Droplets” (CLOUD) 113 
chamber at CERN (European Organization for Nuclear Research) at low temperatures (243 114 
and 263 K). To explain the observations, we use an aerosol growth model which considers 115 
kinetic limitations. 116 

2. Materials and Methods 117 

2.1 The CLOUD experiment 118 

Results presented here are from the CLOUD14 campaign performed at CERN in autumn 2019. 119 
The facility is described in more detail elsewhere.18,19 Briefly, the CLOUD chamber is a 26.1 120 
m3

 electropolished stainless steel chamber with very low background contamination.20 Pure air 121 
is generated from the evaporation of cryogenic liquid nitrogen and liquid oxygen. The chamber 122 
can be temperature-controlled from 208 to 373 K. The RH in the chamber is controlled by 123 
flowing a portion of the air through a Nafion® humidifier using ultrapure water (18 MΩ cm, 124 
Millipore Corporation). Ozone (O3) is produced by flowing a small fraction of the air through 125 
a quartz tube surrounded by UV-C lights with wavelength < 240 nm. Hydroxyl radicals (OH) 126 
are formed via O3 photolysis using four 200 W Hamamatsu Hg–Xe lamps (wavelength 250–127 
450 nm, adjustable power) throughout the experiments. α-pinene is introduced to the chamber 128 
by passing a small flow of dry air over a temperature-controlled evaporator containing the 129 
liquid compound. Isoprene is injected directly from a gas bottle (Carbagas, 0.1% in N2). The 130 
chamber is run in continuous-flow mode. 131 

The experiments herein were conducted in the absence of seed aerosol, sulfur dioxide (SO2) or 132 
NOx and experimental conditions are reported in Table S1. Experiments are started by initially 133 
stabilizing temperature, RH and O3 in a dark particle-free chamber. Particle formation and 134 



  

growth is then initiated by injecting α-pinene (2-5 ppbV) and isoprene (0-30 ppbV) and turning 135 
on the Hg-Xe lamps to generate OH radicals. As steady-state particle growth is achieved, the 136 
RH is gradually increased while keeping all other experimental conditions constant (i.e. 137 
oxidation is still on-going). 138 

A suite of instruments measuring the chemical composition of particles and gases sampled 139 
from the CLOUD chamber. The particle size distributions were retrieved using a scanning 140 
mobility particle sizer (SMPS, size range 9–834 nm, Leibniz Institute for Tropospheric 141 
Research, Germany). The O3 concentration was measured using a TEI 49C ozone monitor 142 
(Thermo Environmental Instruments). The water vapor concentration was measured using a 143 
dew point mirror (EdgeTech DewMaster). 144 

2.2 Determination of gas-phase species 145 

A proton transfer reaction time-of-flight mass spectrometer (PTR-TOF) was deployed for the 146 
measurement of precursor volatile organic compounds (VOCs). Highly oxygenated molecules 147 
(HOMs) were measured using a nitrate chemical ionization time-of-flight mass spectrometer 148 
(Nitrate-CIMS).21 The sampling line from the CLOUD chamber to the instrument was actively 149 
cooled to the same temperature as the CLOUD chamber to avoid any evaporation or 150 
transformation of the sampled molecules and clusters. As nitrate ionization is less sensitive 151 
towards moderately oxygenated organic compounds (less than 6 oxygen atoms),22 we used an 152 
ammonium chemical ionization source coupled to an Orbitrap mass analyser (hereafter NH4

+-153 
CI-Orbitrap) to measure the full range of gas-phase condensable vapors (Li et al., submitted). 154 
NH3 was introduced to the ion source from the headspace of a 1% of liquid ammonium 155 
hydroxide solution (25% NH3 basis, ACS reagent, Sigma-Aldrich) at a flow rate of 5 sccm. 156 
The analytes were softly charged by binding to ammonium ions, and oxygenated organic 157 
compounds down to O1 were able to be detected. The NH4

+-CI-Orbitrap data was used as the 158 
gas-phase input for the aerosol growth model as it provided non-selective ionization and was 159 
therefore able to detect a large majority of the oxidized species.23 The gas-phase data from both 160 
instruments was corrected using a temperature dependent sampling-line loss correction factor, 161 
as described in Simon et al. (2020).24 The gas phase data is not corrected for wall loss, but the 162 
steady state concentrations are used in the growth model to predict the SOA mass. 163 

2.3 Determination of particle-phase species  164 

The particle-phase chemical composition was measured using an extractive electrospray 165 
ionization time of flight mass spectrometer (EESI-TOF) and a filter inlet for gases and aerosols 166 
coupled to an I- chemical ionization mass spectrometer (FIGAERO-CIMS). The EESI-TOF 167 
setup used here is similar to that described in Lopez-Hilfiker et al. (2019).25 The electrospray 168 
(ES) working solution used was pure water doped with 100 ppm NaI, allowing ions to be 169 
detected predominantly as [M+Na]+ adducts. The EESI-TOF sampled for 5 minutes directly 170 
from the CLOUD chamber, followed by 1 minute through a HEPA filter (Pall Corporation) for 171 
background subtraction. Analyte signals were then converted into mass flux reaching the 172 
detector (ag s-1) by scaling with the molecular weight MWi of each detected analyte i as follows: 173 



  

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (𝑎𝑎𝑎𝑎 𝑠𝑠−1) = �
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (𝐻𝐻𝐻𝐻) × 𝑀𝑀𝑀𝑀𝑖𝑖 × 1018

𝑁𝑁𝑎𝑎𝑖𝑖

(1) 174 

where Na is Avogadro’s number.  175 

The FIGAERO-CIMS is described in detail in Lopez-Hilfiker et al. (2014).26 Briefly, particles 176 
were collected on a PTFE filter for 15 minutes before being heated progressively to be 177 
thermally desorbed. The desorbed analytes were detected by iodide (I-) chemical ionization. 178 

The particles were also characterized using an aerosol mass spectrometer equipped with a long 179 
time-of-flight mass analyzer (AMS-LTOF, Aerodyne Research Inc., USA). 180 

2.4 Aerosol growth modelling 181 

Base modelling run. Aerosol growth is modelled based on the measured gas-phase 182 
concentrations of oxidation products and their estimated volatility, as in Surdu et al. (2021).27 183 
Compounds measured in the gas phase were distributed in volatility bins according to the 184 
volatility basis set framework,28 where their volatility was estimated using the parametrization 185 
of Stolzenburg et al. (2018),2928 adapted for α-pinene SOA. Time series of the measured 186 
concentrations in each volatility bin were input into the model, together with the condensation 187 
sink measured by the SMPS. The condensation for each volatility bin was therefore simulated 188 
at each time step as follows. 189 

The gas-to-particle condensation flux in the ith volatility bin, ϕi, can be written as: 190 

𝜙𝜙𝑖𝑖 = 𝐾𝐾𝑖𝑖𝐹𝐹𝑖𝑖 ≅ 𝐶𝐶𝐸𝐸 ∙ �𝐶𝐶𝑔𝑔,𝑖𝑖 − 𝐶𝐶𝑒𝑒𝑒𝑒,𝑖𝑖� (2) 191 

where Ki is the condensation rate, approximated by the condensation sink CS, and Fi is the 192 
driving force of gas-to-particle partitioning. Cg,i is the measured gas-phase concentration (cm-193 
3) and Ceq,i  is the equilibrium concentration (cm-3) in the ith volatility bin. As the mass of 194 
particles with diameter <10 nm is negligible, we exclude the Kelvin term (which accounts for 195 
the curvature of very small particles) and thus 196 

 𝐶𝐶𝑒𝑒𝑒𝑒,𝑖𝑖 = 𝜒𝜒𝑖𝑖𝐶𝐶𝑖𝑖∗ = γ𝑖𝑖
𝐶𝐶𝑝𝑝,𝑖𝑖

∑ 𝐶𝐶𝑝𝑝,𝑖𝑖𝑖𝑖
𝐶𝐶𝑖𝑖∗ (3) 197 

Here, we assume ideal mixing and use an activity coefficient γi of one, as the errors associated 198 
with γi are much smaller than the error in estimating volatility (a sensitivity test to volatility is 199 
given in Figures S1 and S2). χi, Ci

*and Cp,i are the activity, saturation vapor concentration (cm-200 
3), and modelled particle-phase concentration (cm-3) in the ith volatility bin, respectively. The 201 
condensation sink was calculated as: 202 

𝐶𝐶𝐸𝐸 = �2𝜋𝜋𝜋𝜋𝐷𝐷𝑔𝑔𝑁𝑁𝑝𝑝,𝑗𝑗𝐷𝐷𝑝𝑝,𝑗𝑗
𝑗𝑗

(4) 203 

where 𝜋𝜋 = (1 + 𝐾𝐾𝐾𝐾)/(1 + 0.377 ∗ 𝐾𝐾𝐾𝐾 + 4𝐾𝐾𝐾𝐾/3𝛼𝛼 + 4𝐾𝐾𝐾𝐾2/3𝛼𝛼) is the correction factor for 204 
non-continuum dynamics, Kn is the Knudsen number, α is the mass accommodation coefficient 205 



  

(assumed to be one), Dg is the gas-phase diffusivity (estimated as per Reid et al., 1987)30 and 206 
Np,j is the number concentration of particles in the jth

 size bin with diameter Dp,j. Thus, the 207 
growth of aerosol by all compounds in the ith volatility bin can be described as: 208 

𝑑𝑑𝐶𝐶𝑝𝑝,𝑖𝑖

𝑑𝑑𝑑𝑑
= 𝜙𝜙𝑖𝑖 − (𝑘𝑘𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤 + 𝑘𝑘𝑑𝑑𝑖𝑖𝑤𝑤)𝐶𝐶𝑝𝑝,𝑖𝑖 (5) 209 

where kwall and kdil are the particle wall loss and dilution loss rates (s-1), respectively in the 210 
CLOUD chamber.  The model is initialized using the measured SMPS volume split equally 211 
across all volatility bins i in supersaturation. 212 

Gas-phase data input. Data from NH4
+-CI-Orbitrap was used as the model input, after 213 

corrections to reduce humidity-related instrumental variation. The sensitivity of some ions 214 
increased with RH, however most ions’ response remained within a factor of two (Figure S3a). 215 
Reasonable correlations to Nitrate-CIMS data were obtained for common ions (median R2 = 216 
0.59, Figure S3).  217 

To reduce the humidity-related variation in the NH4
+-CI-Orbitrap measurements, the steady-218 

state production rate of the gas-phase oxidation products in each volatility bin i, prod_ss,i, was 219 
calculated just before the RH ramp and assumed to remain constant during the RH ramp. At 220 
steady state, prod_ss,i is equal to the total gas-phase loss rate, Kloss,i (cm-3 s-1) : 221 

                          222 
𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑠𝑠𝑠𝑠𝑖𝑖 = 𝐾𝐾𝑤𝑤𝑙𝑙𝑠𝑠𝑠𝑠,𝑖𝑖 =  (𝑘𝑘𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤 + 𝑘𝑘𝑑𝑑𝑖𝑖𝑤𝑤)𝐶𝐶𝑔𝑔,𝑖𝑖 + 𝐶𝐶𝐸𝐸�𝐶𝐶𝑔𝑔,𝑖𝑖 − 𝐶𝐶𝑒𝑒𝑒𝑒,𝑖𝑖� (6) 223 

The gas-phase concentrations during the RH ramp were then calculated from the steady-state 224 
production rate. This provides a great agreement with the measured concentrations from the 225 
Nitrate-CIMS for common volatility bins (median R2 = 0.84, Figure S4), validating the 226 
assumption that the production rate did not change considerably during the RH ramp. A 227 
comparison of the gas-phase time series for different volatility classes is given in Figure S5. 228 

Then, the measured gas-phase signals were scaled using a constant factor, assuming the 229 
ionization efficiency of the NH4

+-CIMS-Orbitrap is the same for all detected species, so that 230 
the modelled particle phase volume matches the measured SMPS particle volume at high RH 231 
conditions. As particle water was taken into account in the model, modelled aerosol growth 232 
increased and this scaling factor was decreased accordingly.  233 

Consideration of water activity. The liquid water content of the aerosol particles was obtained 234 
from the estimated hygroscopic growth factor GF(RH) and the measured particle volume, Vdry, 235 
from the SMPS. GF(RH) was derived from the hygroscopicity parameter, κ, and the relative 236 
humidity, RH, using the relation31 237 

𝐺𝐺𝐹𝐹(𝑅𝑅𝐻𝐻) = �1 + 𝜅𝜅
𝑅𝑅𝐻𝐻
100 %

1 − 𝑅𝑅𝐻𝐻
100 %

�

1
3

(7) 238 



  

κ was estimated from the degree of oxygenation of the SOA using the parametrization of Chang 239 
et al. (2010),32 𝜅𝜅 = 0.29 × (𝑂𝑂:𝐶𝐶), where O:C was obtained from the AMS for bulk 240 
measurements and from the EESI-TOF for O:C determination per volatility bin. Alternatively, 241 
κ values were also obtained from the GF parametrization of Massoli et al. 242 
(2010),33 𝐺𝐺𝐹𝐹(90%𝑅𝑅𝐻𝐻) = 0.58 × (𝑂𝑂:𝐶𝐶) + 0.85. The particle liquid water volume Vw was then 243 
obtained by 𝑉𝑉𝑤𝑤 = 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑((𝐺𝐺𝐹𝐹(𝑅𝑅𝐻𝐻))3 − 1) 244 

The particle liquid water content was considered in the aerosol growth model by including it 245 
in the activity of the organic fraction and modifying Eq. 3, where Cw is the particle liquid water 246 
concentration (cm-3):  247 

 𝐶𝐶𝑒𝑒𝑒𝑒,𝑖𝑖 = 𝜒𝜒𝑖𝑖𝐶𝐶𝑖𝑖∗ = γ𝑖𝑖
𝐶𝐶𝑖𝑖∗𝐶𝐶𝑝𝑝,𝑖𝑖

∑ 𝐶𝐶𝑝𝑝,𝑖𝑖 + 𝐶𝐶𝑤𝑤𝑖𝑖
(8) 248 

We assume that water has little-to-no effect on ideal mixing so that the activity coefficient γi 249 
remains one. 250 

Consideration of bulk-phase kinetic limitations. The kinetic limitation to partitioning was 251 
treated using the two-film theory, as described by Zaveri et al. (2014)34 and Qin et al. (2021)7 252 
in the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC). However, our 253 
model is not size-resolved, but simulates the condensation of the gas phase across multiple C* 254 
bins on a measured condensation sink from SMPS data. This kinetic limitation was introduced 255 
by modifying the condensation sink term in equation 4 as follows 256 

𝑑𝑑𝐶𝐶𝑝𝑝,𝑖𝑖

𝑑𝑑𝑑𝑑
= �4𝜋𝜋𝑁𝑁𝑝𝑝,𝑗𝑗𝑅𝑅𝑝𝑝,𝑗𝑗

2 𝐾𝐾𝑝𝑝,𝑖𝑖,𝑗𝑗(𝐶𝐶𝑔𝑔,𝑖𝑖 − 𝐶𝐶𝑒𝑒𝑒𝑒,𝑖𝑖) − (𝑘𝑘𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤 + 𝑘𝑘𝑑𝑑𝑖𝑖𝑤𝑤)𝐶𝐶𝑝𝑝,𝑖𝑖
𝑗𝑗

(9) 257 

where Rp,j is the particle radius in the jth
 size bin and Kp,i, is the overall mass transfer coefficient 258 

(cm s-1) given by Qin et al (2021)7 as 259 

1
∑ 𝐾𝐾𝑝𝑝,𝑖𝑖,𝑗𝑗𝑗𝑗

=
1

∑ 𝑘𝑘𝑔𝑔,𝑗𝑗𝑗𝑗
+

1
∑ 𝑘𝑘𝑝𝑝,𝑗𝑗𝑗𝑗

𝐶𝐶𝑖𝑖∗

𝜌𝜌
(10) 260 

kg,j is the gas-side mass transfer coefficient (cm s-1) defined as 𝐷𝐷𝑔𝑔𝜋𝜋 𝑅𝑅𝑝𝑝,𝑗𝑗⁄ , kp,j is the particle-side 261 

mass transfer coefficient (cm s-1) defined as 5𝐷𝐷𝑏𝑏/𝑅𝑅𝑝𝑝,𝑗𝑗. Db is the bulk diffusivity and ρ is the 262 

molar density (cm-3 (particle)) given by 𝐶𝐶𝑖𝑖/𝑉𝑉𝑡𝑡𝑙𝑙𝑡𝑡, where Vtot is the total particle volume. 263 

The bulk diffusivity Db is related to viscosity η by the Stokes-Einstein relation, 𝐷𝐷𝑏𝑏 = 𝑘𝑘𝐵𝐵𝑇𝑇
6𝜋𝜋𝜋𝜋𝑅𝑅𝑝𝑝

 264 

where kB is the Boltzmann constant and T is the experimental temperature. η was estimated 265 
from the glass transition temperature, Tg, using the modified Vogel-Tamman-Fucher equation35 266 
and the approach of DeRieux et al. (2018)36 267 

𝜂𝜂 = 𝜂𝜂∞𝑒𝑒
𝑇𝑇0𝐷𝐷
𝑇𝑇−𝑇𝑇0 (11) 268 



  

where η∞ is the viscosity at reference temperature (assumed to be 10-5 Pa s),35 and T0 is the 269 

Vogel temperature, related to Tg by 𝑇𝑇0 = 39.17𝑇𝑇𝑔𝑔
𝐷𝐷+39.17

. D is the fragility parameter, assumed to be 270 

10 as in previous studies.36,37 Here, the glass transition temperature of the SOA and water 271 
mixture, Tg(ωorg), was used. 272 

The glass transition temperature of the organic species in volatility bin i under dry conditions, 273 
Tg,org,i, was obtained from the molecular weight, MW, and the O:C using the parameterization 274 
of Shiraiwa et al. (2017)37 275 

𝑇𝑇𝑔𝑔,𝑙𝑙𝑑𝑑𝑔𝑔,𝑖𝑖 = −21.57 + 1.51 × 𝑀𝑀𝑀𝑀 − 0.0017 × 𝑀𝑀𝑀𝑀2 + 131.4 × (𝑂𝑂:𝐶𝐶) − 0.25 × 𝑀𝑀𝑀𝑀 × (𝑂𝑂:𝐶𝐶) (12) 276 

The glass transition temperature for the SOA mixture, Tg,org, was then calculated according to 277 
the mass fraction ωi of each volatility bin i : 𝑇𝑇𝑔𝑔,𝑙𝑙𝑑𝑑𝑔𝑔 = ∑ 𝜔𝜔𝑖𝑖𝑇𝑇𝑔𝑔,𝑙𝑙𝑑𝑑𝑔𝑔,𝑖𝑖𝑖𝑖 . ωi was estimated based on 278 
the EESI-TOF measurements. The glass transition temperature of the SOA and water mixture, 279 
Tg(ωorg), was obtained using the Gordon-Taylor equation38 280 

𝑇𝑇𝑔𝑔�𝜔𝜔𝑙𝑙𝑑𝑑𝑔𝑔� =
�1 − 𝜔𝜔𝑙𝑙𝑑𝑑𝑔𝑔�𝑇𝑇𝑔𝑔,𝑤𝑤 + 1

𝑘𝑘𝐺𝐺𝑇𝑇
𝜔𝜔𝑙𝑙𝑑𝑑𝑔𝑔𝑇𝑇𝑔𝑔,𝑙𝑙𝑑𝑑𝑔𝑔

�1 − 𝜔𝜔𝑙𝑙𝑑𝑑𝑔𝑔� + 1
𝑘𝑘𝐺𝐺𝑇𝑇

𝜔𝜔𝑙𝑙𝑑𝑑𝑔𝑔
(13) 281 

where ωorg is the mass fraction of organics, Tg,w is the glass transition of pure water (136 K)12 282 
and kGT is the Gordon-Taylor constant, assumed to be 2.5 for SOA.38,39 283 

3. Results and Discussion 284 

Molecular-level observations during humidity ramp. The pure biogenic SOA experiments 285 
analyzed in this work are summarized in Table S1 and an overview is given in Figures 1 and 286 
S6. The experiment at 243 K (Figure 1) features SOA formation from α-pinene alone, whereas 287 
the experiment at 263 K (Figure S6) has a mixture of α-pinene and isoprene. As the RH 288 
increases, we observe an increase in the total SOA mass concentration as measured by the 289 
SMPS. The SOA mass concentration increases by 45 and 85 % as the RH is increased from 290 
10-20 % to 60-80 % for the experiments at 243 and 263 K, respectively. Since the precursor 291 
gas and oxidant concentrations remain unchanged, the increase in mass can be attributed to the 292 
RH increase. 293 

Molecular level data in both the gas and particle phases can be used to investigate which species 294 
are responsible for the observed increase in OA mass. In the particle phase, moderately 295 
oxygenated compounds C10H16O2-5 increase considerably with increasing RH, whereas highly 296 
oxygenated C10H16O6-8 compounds are not affected by the change in RH (Figures 1c, S6c). 297 
This results in a measurable change in the bulk O:C at 243 K from 0.44 to 0.40, at 20 and 60% 298 
RH respectively. Likewise, the O:C at 263 K decreases from 0.55 to 0.40, at 10 and 80% RH 299 
respectively. The O:C data from EESI-TOF and AMS shows excellent agreement (Figure S7). 300 

In contrast to the particle phase, the entire gaseous C10H16O2-8 compound series behaves 301 
consistently as the RH is increased (Figure 1d): we note a decrease in the concentrations of 302 
gas-phase species during the RH ramp regardless of their oxygen content. This decrease is 303 



  

consistent with a constant production rate and an increase in the condensation sink. Here, 304 
vapors are predominantly lost by condensation to the particles, as the condensation sink is 305 
larger than the wall loss rate.  306 

 307 

 308 

Figure 1. Overview of a pure biogenic oxidation experiment where the RH is ramped up. The 309 
experiment is carried out at 243 K. (a) Particle number size distribution from the SMPS and RH trace 310 
overlaid in white. (b)  Time series of total SMPS mass, condensation sink (CS) and O:C from the AMS. 311 
(c) Time series of C10H16O2-8 compounds in the particle phase from the EESI-TOF. C10H16O7,8 signals 312 
were multiplied by 5 for better visualization. (d) Time series of C10H16O3-9 compounds in the gas phase 313 
from the Nitrate-CIMS. 314 
   315 

The increase in SOA mass is associated with greater concentrations of less oxygenated higher 316 
volatility compounds (mainly O2-O5), as shown in Figure 2 a-b. For example, C10HxO3 317 



  

compounds increase by a factor of 1.5 and 3 as the RH is ramped up, at 243 and 263 K, 318 
respectively. Compounds with carbon numbers C8-C10 show an increase with RH, while dimers 319 
(C10+) and smaller compounds (C<7) remain largely unchanged during the RH ramp. As shown 320 
in Figure 2 c-d, most of the mass enhancement at high RH is due to semi- and low-volatility 321 
organic compounds (SVOCs and LVOCs). In contrast, ultra- and extremely- low volatility 322 
organic compounds (ULVOCs and ELVOCs) show no increase with RH, as they mostly 323 
partition to the particle-phase regardless of the presence of water.  Intermediate volatility 324 
organic compounds (IVOCs) also remain largely constant at 243 K, while they increase with 325 
RH at 263 K. Condensed phase signals from such species (typically C<7) might be due to 326 
artifacts in the EESI-TOF, given that they are expected to reside almost entirely in the gas 327 
phase. Artifacts may arise due to ionization-induced fragmentation or gas-phase species 328 
breaking through the charcoal denuder. Nevertheless, comparison of the EESI-TOF data with 329 
the FIGAERO-CIMS gives excellent time series correlations for common compounds (median 330 
R2 = 0.80, Figure S8), and shows that a similar response to the increase in RH is observed by 331 
both instruments.  332 

 333 

Figure 2. Comparison of the molecular composition of particle-phase compounds at high and low RH 334 
at two different temperatures. (a) Oxygen number histograms at 20% and 60% RH at 243 K, colored 335 
by carbon number. (b) Oxygen number histograms at 10% and 80% RH at 263 K, colored by carbon 336 
number. The bars on the left are for low RH conditions while the bars on the right represent data at high 337 
RH conditions. The RH values shown here represent steady state low and high RH for each experiment. 338 
Panels (c-d) show the ratios of carbon oxidation state (OSC, calculated as 2 × O/C – H/C) for high to 339 
low RH versus estimated volatility (log C* at 300K) of particle-phase compounds at 243 K and 263 K, 340 
respectively. Volatility classes are defined at the experimental temperature, and therefore shift with 341 



  

temperature according to the Clausius-Clapeyron relation. Markers are sized by the square root of the 342 
ion intensity at high RH, normalized by the largest ion and colored by the increase in intensity at high 343 
RH. Note the difference in the color scales for the ratios for (c) and (d).  344 

Multiple reasons may explain the observed effect of RH on the SOA mass concentration and 345 
composition, such as water (1) affecting water-dependent gas-phase reaction pathways, (2) 346 
increasing OH concentrations from UV photolysis of O3, (3) promoting condensed-phase 347 
reactions, (4) altering the particle-phase activities of organic compounds or (5) decreasing the 348 
particle viscosity. A detailed discussion of these possibilities follows. 349 

Firstly, water vapor could affect the gas-phase chemistry through water reactions with the 350 
Criegee intermediates (CI) produced from ozonolysis. Directly, water vapor could react with 351 
the Criegee intermediates, ultimately forming mainly pinonic acid (C10H16O3). However, as 352 
seen in Figure S9, most gas-phase species decrease with the increase in the condensation sink 353 
at high RH and we do not see an increase in C10H16O3. We estimate that even at high RH 354 
conditions the reaction rate constant of the Criegee intermediates with water is at least 2 orders 355 
of magnitude lower than other Criegee termination pathways, meaning that this pathway is 356 
negligible at the low temperatures of this study (Table S2).40 Water would also indirectly 357 
promote HO2 self-reaction 41, reducing related monomers from HO2+RO2 reactions and 358 
shifting the distribution towards dimers from RO2+RO2. However, this pathway is minor at 359 
low absolute water concentrations. The reaction rate constant for the HO2+RO2 reaction is a 360 
factor of six higher than of the HO2 self-reaction, even at the highest water concentrations 361 
studied here (Table S3).  362 

Water could also increase OH concentrations from O3 photolysis, resulting in an increase in 363 
C10H18Ox compared to C10H14Ox.42,43 However, we observe no changes in the hydrogen 364 
distribution of the C10 monomers in both the gas and particle phases (Figure S10). Under our 365 
low temperature conditions, even at high relative humidity OH production from α-pinene 366 
ozonolysis is a factor 7 and 20 higher than OH from UV photolysis, at 243 and 263 K, 367 
respectively (Table S4). Overall, our results indicate that changes in gas-phase chemistry with 368 
the RH increase have little effect on the distribution of the organic products driving the growth.  369 
This is consistent with the results of Li et al. (2019)3 who report no changes in the production 370 
of HOMs at different RH, with the majority of HOMs produced from water-independent 371 
pathways.  372 

Water may also affect condensed-phase chemistry, in this case possibly leading to the 373 
formation of the moderately oxygenated monomer products that we observe to increase at high 374 
RH in the particle-phase. This would then correspond to a decrease in other classes of 375 
molecules, as they react away when forming the moderately oxygenated products. Pospisilova 376 
et al. (2020) previously observed rapid decay of C20 dimers and some C10 species and delayed 377 
formation of C17-18 and C7-9 species.44 However, under our experimental conditions we do not 378 
observe this phenomenon in the dimer region, as dimer signals remain constant regardless of 379 
carbon number (Figure S11). Similarly, for the monomer region, we observe an increase of 380 
both C10 and smaller compounds (Figure 2). Unlike Pospisilova et al. (2020), it seems like the 381 
SOA enhancement we observe is closely related to the compound’s volatility - 382 



  

under our experimental conditions, only an increase in semi-volatile organic compounds 383 
(SVOCs) is observed, while more oxygenated low-volatility and extremely low-volatility 384 
compounds (LVOCs, ELVOCs) remain constant with RH (Figure 3a, S12a). 385 

Finally, the increase in the particle water content at high RH leads to a decrease in the 386 
equilibrium concentration Ceq by decreasing the activity of the organics in the particle phase 387 
(equation 8). This would lead to an increase in the driving force of gas-particle partitioning 388 
(Cg-Ceq). In addition, water can decrease the particle viscosity and thus increase the bulk 389 
diffusivity (Db), allowing for an enhanced partitioning of semi-volatile species. We model the 390 
two effects of particulate water on organic aerosol growth below.  391 

Comparison with an aerosol growth model. In Figure 3 (and Figure S12 for the 263 K 392 
experiment), we present time series of the volatility distributions during the RH ramp, as 393 
measured by the EESI-TOF as well as modelled by an aerosol growth model. At 243 K (Figure 394 
3a), we observe an increase of the SVOC components by 60 % as the RH increases from 20 to 395 
60 %. Similarly, at 263 K (Figure S12a) the SVOCs increase by 74 % and the IVOCs by 88 % 396 
as the RH increases from 10 to 80 %. As mentioned previously, due to denuder breakthrough 397 
or fragmentation in the EESI-TOF, it is likely that some of the measured IVOCs are 398 
measurement artifacts, leading to an overestimation of the IVOC fraction. At both 399 
temperatures, the LVOC and ELVOCs remain unaffected by the change in RH. We use an 400 
aerosol growth model, successively adding the effect of particle water content on decreasing 401 
organic activity and increasing the bulk diffusivity to interpret the observations. We note that 402 
the model to measurement comparisons are limited by the assumption of uniform sensitivity 403 
across all species for both the NH4

+-CI-Orbitrap input data for the model as well as the EESI-404 
TOF data.  405 



  

 406 

Figure 3. Stacked volumes of ELVOC, LVOC, SVOC and IVOCs in the particle phase, as measured 407 
by the EESI-TOF (a) and predicted by models (b-d) at 243 K. Volatility classes are defined at the 408 
experimental temperature. The RH is ramped up continuously from 20% at 14:00 to 60% at 19:45. The 409 
model in (b) considers neither water activity nor kinetic limitations to partitioning. The model in (c) 410 
just takes into account water activity and the model in (d) includes both water activity and an easing 411 
kinetic limitation with RH. The lower and upper error bars represent the uncertainty from using the 412 
hygroscopicity parameter κ as estimated using Massoli et al. (2010) and Chang et al (2010)., 413 
respectively.  414 

Figure 3b (and S10b for the 263 K experiment) shows the time evolution of the volatility 415 
distribution of the base thermodynamic model, neglecting both particle water content and 416 
potential kinetic limitations to mass transfer. As in all other modelled experiments, the input 417 
gas phase data from the NH4

+-CIMS-Orbitrap is scaled using a constant such that the modelled 418 
particle volume matches the observed particle volume at high RH (2nd peak). In this case, the 419 
base model overestimates the condensation at low RH, suggesting a lower actual condensation 420 
flux. This could be due to diffusive limitations at low RH, which are eased at higher RH. 421 
Alternatively, the condensation at high RH could be underestimated, as water uptake to the 422 
particles could decrease Ceq by acting as a diluting agent and lowering the activity of the 423 
organics.  424 

In Figure 3c (and S10c), we take into consideration the effect of particle water content on the 425 
activity of the organic compounds. The particle water content has been estimated based on 426 
parameterizations of the hygroscopic growth factor (GF) from the degree of oxygenation of the 427 



  

OA (see methods section 2.5).32,33 We estimate the particle water volume for the 243 K 428 
experiment to be 1-3.5% of the total volume at 20% RH and 3.5-14% at 60% RH (Figure S13). 429 
At 263 K, the particle water volume fraction increases from 0.6-2.4% at 10% RH to 6.5-21% 430 
at 80% RH (Figure S13), depending on the parameterization used for GF. To account for the 431 
increase in aerosol growth due to lower organic activities, we decreased the scaling factor for 432 
the input gas-phase data in the model, from 3x107 to 2.6x107, in order to obtain a good 433 
agreement at high RH conditions. We show that the consideration of the effect of particle water 434 
on the organic species activity provides a better agreement between modelled and measured 435 
OA concentrations. Nevertheless, even when considering the highest estimate for GF,32 the 436 
model still overestimates the condensation at low RH, suggesting that additional factors inhibit 437 
the condensation at low RH. 438 

We include the kinetic limitation to partitioning into our aerosol growth model (also taking into 439 
account particle water content) using the two-film theory, as per Zaveri et al. (2014)34 and Qin 440 
et al. (2021).7 To achieve closure with the observed particle volume, we assume essentially no 441 
kinetic limitations at high RH conditions and therefore use the same input Cg as in Figure 3c. 442 
We find that bulk diffusivity (Db) values increasing from ~10-16 cm2 s-1 at low RH to ~10-13 443 
cm2 s-1 at high RH at 243 K (Figure S14) give a good agreement between the model and 444 
observations, both in terms of particle volume and compositional change. Similarly, Db values 445 
increasing from ~10-15 cm2 s-1 at low RH to ~10-12 cm2 s-1 at high RH were used for a good 446 
agreement at 263 K (Figure S14).  447 

Alternatively, we also compared four commonly used methods of estimating the glass 448 
transition temperature (Tg) from the molecular composition (Figure S15).36,37,45,46While the 449 
parameterizations agree reasonably well for compounds with volatility higher than LVOCs, 450 
they can differ by >100 K for ELVOC and ULVOC compounds, leading to differences of up 451 
to 40 K in the Tg of the SOA mixture. Using the parameterized glass transition temperature of 452 
Li et al. (2020)46 or Zhang et al. (2019)45, the Db values obtained are unreasonable (less than 453 
10-50 cm2 s-1), prohibiting any condensation. Therefore, we use the estimated Db from the Tg 454 
parameterization of Shiraiwa et al. (2017) (see methods section 2.5),36,37 obtaining more 455 
comparable values of 10-25 cm2 s-1 (low RH) to 10-19 cm2 s-1 (high RH) at 243 K. We note that 456 
the Stokes-Einstein relation used to convert between viscosity and Db  has been shown to break 457 
down at high viscosity, and can under-predict Db by up to 4 orders of magnitude.47,48 In 458 
particular, strong deviations from Stokes-Einstein behavior are observed at high ratios of glass 459 
transition temperature to chamber temperature (Tg/T), as is the case here. Sensitivity tests of 460 
the model to Db are shown in Figure S16 (and S17 for the 263 K experiment), with the Db 461 
values used in Figure 3d corresponding to decreasing Tg by ~40 K. Moreover, due to the 462 
complexity of SOA, obtaining accurate values of the Gordon-Taylor mixing constant (kGT) is a 463 
challenge, adding additional uncertainties. In this work, a kGT value of 2.5 was used, as in Koop 464 
et al. (2011).38 However, the values for kGT for many standards were obtained by Zobrist et al. 465 
(2008)39 to be in the range of 0.125-5.5, and by Dette et al. (2014)49 to be up to 9 for 466 
water/MBTCA (SOA-typical acid) mixtures. Given the large errors associated with estimating 467 
Db, especially under the low temperature conditions of this study, we cannot pinpoint the actual 468 
Db of the particles under consideration. Our results show that Db based on parameterizations 469 



  

are lower than predicted based on aerosol growth – i.e. viscosity plays a lower role than 470 
expected. Nevertheless, the modelling results suggest that changes in organic activity alone are 471 
not enough to replicate the observations, and an increase in Db by 4 orders of magnitude with 472 
RH could provide a possible explanation.  473 

We observe agreement between the model including both particle water content as well as an 474 
easing kinetic limitation (Figures 3d and S12d) and the EESI-TOF data (Figure 3a). In 475 
particular, the model predicts accurately the response of different volatility classes to the 476 
increase in RH. However, the modelled volatility distribution is considerably different to the 477 
measured, namely IVOC/SVOC compounds are more abundant in the measurements, whereas 478 
LVOC compounds dominate the modelled results. The results are likely limited by the 479 
assumption of uniform sensitivity in both the NH4+-CI-Orbitrap gas-phase model input data 480 
as well as the EESI-TOF data. The EESI sensitivity is known to vary for different compounds50 481 
and our recent work suggests that EESI sensitivity is higher for more volatile compounds. In 482 
addition, the model-to-measurement comparison is also affected by uncertainties in the 483 
estimation of the volatility from the molecular formula (sensitivity tests are given in Figure S1) 484 
as well as the previously discussed uncertainty in obtaining Db. .Figure S18 shows correlations 485 
of time series of modelled and measured ions. On a molecular basis we note closure between 486 
model and measurements for the most abundant species, including C10 monomers and 487 
moderately oxygenated dimers (O<8). Compounds making up 72 % of the total EESI signal 488 
have a Pearson R > 0.7 when comparing to the modelled time series.  Conversely, poor 489 
correlations are observed for small (C<9) moderately oxygenated (O<4) ions. Such ions make 490 
up a considerable portion of the EESI-TOF signal but are predicted to have a low contribution 491 
to the particle phase by the model, despite their high concentrations in the gas phase. 492 

Volatility distributions versus humidity and temperature. Binned volatility distributions of 493 
experimental and modelled particle-phase for experiments at 263 K (α-pinene and isoprene) 494 
and 243 K (α-pinene only) are given in Figure 4, for both low RH and high RH conditions. The 495 
volatility distributions feature a main peak in the LVOC-SVOC range, corresponding mainly 496 
to monomer (C10) products, with a secondary peak in the ELVOC-ULVOC range, associated 497 
with dimer (C20) products. Recently, the effect of the chemical composition of adding isoprene 498 
to alpha-pinene nucleation and growth was analyzed for the experiment at 243 K in this study.51 499 
The authors found no significant differences in the volatility distribution from the addition of 500 
isoprene compared to pure α-pinene, with large differences in volatility distributions in 501 
experiments at different temperatures. Here, we plot the intrinsic volatility (i.e. C* at 300 K) 502 
on the x-axis, while volatility classes are defined at the experimental temperature and shifted 503 
according to the Clausius-Clapeyron relation. Therefore, the saturation vapor pressure of the 504 
measured compounds decreases with temperature, and compounds with higher intrinsic 505 
volatility are able to contribute to particle growth. This is seen in the EESI data as the bins with 506 
log10C*(300 K) = 5-6 contribute 17% of the total signal at 263 K and 27% at 243 K, at low RH 507 
conditions. In contrast, at higher temperatures HOM formation through autoxidation is 508 
increased, producing species with lower intrinsic volatility.24 We observe this as a higher 509 
fraction of compounds with intrinsically lower volatility for the 263 K experiment than in the 510 
243 K experiment, both in the measurements and model.  511 



  

 512 
Figure 4. Binned volatility distributions (log C* at 300 K) at low and high RH, as measured by the 513 
EESI-TOF (a,c) and modelled (b,d). Panels (a) and (b) show data at 263 K while panels (c) and (d) 514 
show data at 243 K. Model data is from the model including both particle water content and an easing 515 
kinetic limitation, as in Figure 3d. Volatility classes are defined at the experimental temperature, and 516 
therefore shift with temperature according to the Clausius-Clapeyron relation.  517 

According to the model, the SVOC fraction is estimated to increase from 3 % to 25 % at 243 518 
K and from 1 % to 17 % at 263 K, at low and high RH respectively. Similarly, the measured 519 
SVOC fraction increases from 40 % to 51% at 243 K and 34 % to 47 % at 263 K, at low and 520 
high RH respectively. A marked shift of the chemical composition to higher volatility species 521 
leading to an overall increase in mass is seen both in the measurements and the model results. 522 
We find that at both temperatures, the particle phase concentrations of species with very low 523 
volatility (ULVOC, ELVOC and most LVOCs) is not enhanced at high RH. Species with 524 
moderate volatilities (SVOCs, some LVOCs and some IVOCs) see a significant increase at 525 
high RH whereas more volatile species (IVOCs) do not contribute much to the particle phase, 526 
regardless of RH. Kinetically, the limitation due to low Db does not apply for species with 527 
sufficiently low C* as they are able to condense regardless of the activity at the particle surface. 528 
In contrast, for too large values of C*, condensation is not favored and these species reside in 529 
the gas-phase.  530 

We expect that with increasing temperature the kinetic limitation to partitioning will be 531 
diminished, and therefore the extent of the OA enhancement will decrease with temperature. 532 
However, depending on the type of OA and hence the particle phase state, kinetic limitations 533 
may still apply at room temperature. Thermodynamically, at higher temperatures particle water 534 
could also lower organic activities by acting as a diluting agent, enhancing OA uptake. This is 535 
in agreement with previous room temperature monoterpene SOA studies which observe an OA 536 



  

enhancement at high RH.6,7 The two experiments in this study are likely to have different OA 537 
mass enhancements (45% under 243K and 85% under 263K) due to the varying initial (low 538 
RH) mass concentrations (~4 and 2 µg/m3, respectively), given the high sensitivity of the RH 539 
effect to OA mass.5 Therefore, this study provides a molecular understanding of OA 540 
enhancement with increasing RH under atmospherically relevant conditions, rather than 541 
deriving a general dependence of the OA enhancement with RH at different temperature. 542 

Implications. We report an increase in SOA growth with increasing RH. Using simultaneous 543 
real-time and molecular measurements of the gas- and particle-phase composition, we are able 544 
to pinpoint the increase in mass to the increased condensation of semi-volatile species. This 545 
was previously a challenge, mainly due to limitations in molecular-level particle-phase 546 
measurement techniques, with former studies either resorting to offline filter-based 547 
measurements or unable to track changes in chemical composition.2,15 The low detection limits 548 
of the EESI-TOF and a well-controlled environment at CLOUD allow for observations at 549 
atmospherically relevant mass concentrations. This work is therefore the first experimental 550 
demonstration of the theoretical framework of Pankow (2010), predicting that the effect of RH 551 
on condensation would be largest at low mass concentrations, where large fractions of 552 
condensable compounds are not already condensed. At both 263 and 243 K, we are able to 553 
explain the observations by considering the complementary effect of particle water on 554 
decreased particle activities and increased bulk diffusion. We show that at free tropospheric 555 
temperatures we have to invoke a kinetic limitation to partitioning under dry conditions. At 556 
boundary layer temperatures however, we expect the particles to be less viscous and thus 557 
partitioning would be less affected by the particle water content. Future studies of aerosol 558 
growth should investigate different types of OA (e.g. urban, marine) as well as different aerosol 559 
mixing states. Under our experimental conditions (e.g. 263 K, OA mass concentration ~3 µg 560 
m-3), we observe around a factor of two increase in mass as the RH is increased from 10-80 %. 561 
This strong effect of RH on partitioning can be included in applied regional models 562 
investigating the free troposphere, where temperature and mass concentrations are similar, to 563 
capture SOA enhancement. Such levels of particle water content could further enhance SOA 564 
through condensed-phase reactions. Although we were not able to detect these reactions due to 565 
the low chamber lifetime (~105 min), this should be investigated in future work.  566 
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