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Abstract 

Information on the global distributions of secondary organic aerosol (SOA) phase state and mixing times 

within SOA is needed to predict the impact of SOA on air quality, climate, and atmospheric chemistry; 

nevertheless, such information is rare. In this study, we developed a parameterization for viscosity as a 

function of relative humidity (RH) and temperature based on room-temperature viscosity data for 

simulated pine tree SOA and toluene SOA. The viscosity parameterizations were then used together with 

tropospheric RH and temperature fields to predict SOA phase state and mixing times of water and organic 

molecules within SOA in the troposphere for 200 nm particles. Based on our results, the glassy state can 

often occur, and mixing times of water can often exceed 1 h within SOA at altitudes > 6 km. Furthermore, 

mixing times of organic molecules within SOA can often exceed 1 h throughout most of the free 

troposphere (i.e. ≳ 1 km in altitude). In most of the planetary boundary layer (i.e. ≲ 1 km in altitude), the 
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glassy state is not important, and mixing times of water and organic molecules are less than 1 h. Our 

results are qualitatively consistent with the results from Shiraiwa et al. (Nat. Commun., 2017), although 

there are quantitative differences. Additional studies are needed to better understand the reasons for these 

differences.  
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1 Introduction 

Secondary organic aerosol (SOA) is formed in the atmosphere via gas-phase and condensed-phase 

reactions.1,2 SOA can impact Earth’s climate both directly, by scattering incoming solar radiation, and 

indirectly, by serving as nuclei for liquid cloud droplets and ice particles.3 SOA also contributes to poor 

air quality, which negatively impacts visibility and heath.4–6 It has been estimated that roughly 4.2 million 

deaths per year are the result of air pollution.7,8 

Viscosity (η) is often used to specify the phase state of SOA, with η < 102 Pa s corresponding to a liquid, 

η = 102-1012 Pa s corresponding to a semisolid, and η > 1012 Pa s corresponding to a glass.9 If SOA is in 

a glassy state, it can act as nuclei for ice particles.9–15 Furthermore, if the mixing time of water within a 

SOA particle is slow (greater than or equal to 1 h) then glassy SOA becomes more important as a nuclei 

for ice particles, since the slow mixing of water within SOA means a glassy SOA core can persist longer 

in an air parcel updraft.16 Hence, information on the global distribution of the phase state and mixing time 
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of water within SOA is needed to determine when and where SOA particles can act as ice nuclei in the 

atmosphere.  

Information on the global distribution of the mixing time of organics within SOA is also needed to predict 

aerosol growth, evaporation, and size distributions in chemical transport models.17–23 If mixing times of 

organics within SOA are less than or equal to roughly 1 h (the time step in global chemical transport 

models is often 0.5 to 1 h), equilibrium partitioning of semivolatile organic compounds to the particle 

phase is a reasonable assumption in these models. However, if mixing times of organics are greater than 

roughly 1 h, non-equilibrium between semivolatile organic compounds and SOA should be considered. 

Slow mixing of organics within SOA can also influence reactivity within SOA.24–34  

The phase state and mixing times of water and organic molecules within SOA particles, or proxies of 

SOA particles, have been investigated in many laboratory studies.35–49 These studies have shown that the 

glassy state can dominate, and mixing times of water and organics are slow in SOA and SOA proxies at 

low temperatures and low RH values.42,45–47 Mixing times of organic molecules within some types of 

SOA and SOA proxies can even exceed 1 h at room temperature if the RH is low (less than approximately 

25 %).35,44,48 However, studies assessing the global distributions of SOA phase states and mixing times 

within SOA are rare.  

Maclean et al.50 investigated the global distribution of mixing times of organic molecules within SOA for 

the planetary boundary layer (PBL), the region of the atmosphere ranging from 0 to roughly 1 km in 

altitude, depending on location and time.51 To predict mixing times, a parameterization of viscosity as a 

function of temperature and RH was developed based on room temperature and low temperature viscosity 

measurements. They found that mixing times of organic molecules within SOA are commonly less than 

1 h in the PBL. Shiraiwa et al.52 investigated the global distribution of the phase state and mixing times 

of water and organic molecules within SOA for both the PBL and the free troposphere (FT) using a 

parameterization that related the glass transition temperature (Tg) to molar mass and the oxygen-to-carbon 

ratio (O:C) of SOA components. They found that SOA is mostly in a glassy state and mixing times of 

water most often exceed 1 h in the middle and upper FT, while mixing of organic molecules often exceed 

1 h throughout most of the FT. Regional air quality models were also applied to simulate SOA viscosity 

and Tg over the U.S., finding that a glassy state is ubiquitous in the FT.53,54  
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In the following, we investigate the global distribution of the phase state and mixing times of water and 

organic molecules within 200 nm SOA for both the PBL and FT.  We focused on SOA with diameters of 

200 nm since this is a common size of SOA particles in the troposphere.55–57 Only one study, Shiraiwa et 

al.,52 previously investigated global distributions in the FT. Our approach for calculating phase state and 

mixing times is different from the approach taken by Shiraiwa et al.52 In our case, we developed a 

parameterization for the viscosity of simulated pine tree SOA (proxy for biogenic SOA over the boreal 

forest) and toluene SOA (proxy for anthropogenic SOA) as a function of RH and temperature based on 

room-temperature viscosity measurements. This information, together with RH and temperature fields in 

the troposphere, was then used to estimate the global distribution of the phase state and mixing times in 

the PBL and FT for these types of SOA. Less parameters are required for our predictions compared to 

Shiraiwa et al.52 For example, our method does not require information on the hygroscopicity or the 

Gordon-Taylor constants of the SOA, which have associated uncertainties leading to uncertainties in the 

predicted phase state and mixing times within SOA.52 On the other hand, our method is associated with 

other limitations (see below), making our study complementary to the study by Shiraiwa et al.52 We show 

that the glassy state and slow mixing times of water can be important at altitudes > 6 km and slow mixing 

of organic molecules can be important throughout most of the FT. 

2 Materials and methods 

To predict global distributions of SOA phase state and mixing times within SOA, we first developed 

parameterizations for the viscosity of simulated pine tree SOA (proxy for biogenic SOA over the boreal 

forest) and toluene SOA (proxy for anthropogenic SOA) as a function of RH and temperature based on 

laboratory viscosity measurements (Sections 2.1 and 2.2). Phase state and mixing times as a function of 

RH and temperature were then predicted from the RH and temperature dependent viscosities (Section 

2.3). Finally, global distributions of phase state and mixing times were determined using this information 

and average annual RH and temperature fields in the troposphere extracted from the ECHAM/Modular 

Earth Submodel System Atmospheric Chemistry (EMAC) model (Section 2.5).  
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2.1 Parameterization for the viscosity of simulated pine tree SOA as a function of RH and 
temperature 

We developed a parameterization for the viscosity of simulated pine tree SOA as a function of RH and 

temperature using the following data: 1) measured room-temperature viscosity data of SOA generated by 

the photooxidation of a mixture of VOCs representing emissions from healthy Scots pine (Pinus 

sylvestris) trees58 and 2) the room temperature viscosity data of water.59 These data are shown in Figure 

1a. The measured viscosities for the simulated Scots pine tree SOA at RH values less than or equal to 50 

% were taken from Smith et al.,58 while the measured viscosities at RHs greater than 50 % are based on 

new measurements discussed in the supplemental information (Section S1 and S2). The measured 

viscosities from Smith et al.58 were based on the poke-flow technique, and the new measurements reported 

in the supplemental information were based on the poke-flow technique and fluorescence recovery after 

photobleaching (FRAP). To determine viscosities from the poke-flow measurements, we used fluid 

simulations, which require material properties such as surface tension and slip length as input.44 However, 

these parameters are often not well constrained for SOA material.  As a result, conservative values were 

used in the simulations, which results in relatively large uncertainties in the viscosity data (Fig. 1a).58 The 

FRAP technique involved measuring diffusion coefficients of a large fluorescent dye within the SOA 

material and then converting these values to viscosity using the Stokes-Einstein equation. The Stokes-

Einstein equation should be able to accurately predict viscosities from measured diffusion coefficients of  

large organic molecules in SOA, since previous work has shown that the Stokes-Einstein equation can 

predict viscosities within the uncertainty of the measurements from diffusion coefficients when the radius 

of the diffusing molecule is similar or greater than the radius of the matrix molecules.39 

 Healthy Scots pine trees emit VOCs dominated by monoterpenes with a small contribution from 

sesquiterpenes.60 A mixture of α-phellandrene, β-pinene, α-pinene, 3-carene, camphene and β-

caryophyllene was used to simulate the tree emissions (see Table S1 in Smith et al.58). Pine trees are 

widely distributed throughout the boreal forest,61 and Scots pine trees make up a significant portion of 

boreal forests in several European countries.62 As a result, the simulated Scots pine tree SOA should be a 

good proxy for SOA over boreal forests, which represents the largest biome by area on Earth. The 

applicability of these results to other types of biogenic SOA still needs to be determined. Simulated pine 
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tree SOA was used as proxy for biogenic SOA for this study in the place of the more frequently used α-

pinene SOA. Previous studies have found differences between SOA generated from multiple VOC 

precursors versus the simpler model systems often used (α-pinene SOA).63–66  

 
Figure 1. Panel a shows the log(viscosity) data from Smith et al.58 as a function of the activity of water (RHs < 50%) and new 

measurements (RHs > 50%) using poke-flow and fluorescence recovery after photobleaching (FRAP) (Section S1 and S2) for 

simulated pine tree SOA, the viscosity of pure water, as well as a fit to the data using eq 1-3. Panel b shows the log(viscosity) 

data from Song et al.48 as a function of the activity of water for toluene SOA, the viscosity of pure water, and a fit to the data 

using eq 6. For both panels the x-error bars represent uncertainties in the RH measurements and the y-error bars correspond to 

the upper and lower limits of the viscosities. The points with upwards arrows correspond to data where only lower limits of 

viscosity were obtained. 

 

To generate a parameterization for viscosity as a function of RH and temperature, we first fit the data in 

Figure 1a piecewise to the following equations: 
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where η(RH, 294K) is the RH-dependent viscosity at 294 K (i.e. room temperature) and a-f are fitting 

parameters. The values for coefficients [a, b, c, d, e, f] were [8.60 ± 0.16, 5.19 ± 0.90, 9.83 ± 0.33, 0.85 
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± 0.21, 78.89, -3.02], respectively, based on the fitting. The results from the fitting are shown in Figure 

1a (solid line). These equations were used since they monotonically decrease as the RH increases and 

since they fit the data well for their respective RH ranges. Equations 1-3 are equivalent to an activity-

based viscosity mixing rule (see Supplement, Section S3) used previously with some success to predict 

viscosity in organic-water mixtures.42  

To extrapolate the room-temperature viscosity data, η(RH, 294K), to other temperatures we used the 

Vogel-Tammann-Fulcher (VTF) equation: 

η(𝑅𝑅𝑅𝑅,𝑇𝑇) = ɳ∞𝑒𝑒
𝑇𝑇0(RH)𝐷𝐷f
𝑇𝑇−𝑇𝑇0(RH), (4) 

where η(RH,T) is the RH and temperature dependent viscosity, ɳ∞is the viscosity at infinite temperature 

(10-5 Pa s based on Angell),67,68 Df is the fragility parameter, and T0(RH) is the RH dependent Vogel 

temperature. This is the same equation used by Shiraiwa et al.52 to calculate viscosities as a function of 

temperature from Tg. We first calculated T0(RH) from the room-temperature viscosity parameterization 

discussed above by rearranging the VTF equation and evaluating at T = 294 K:  

𝑇𝑇0(𝑅𝑅𝑅𝑅) =
ln�𝜂𝜂(RH,294 K)

𝜂𝜂∞
�294 𝐾𝐾

𝐷𝐷f+ln (𝜂𝜂(RH,294K)
𝜂𝜂∞

)
, (5) 

To be consistent with Shiraiwa et al.,52 we assumed Df = 10. The fragility parameter for organic 

compounds are typically in the range of ~5-30.69 Furthermore, for molar masses greater than 200 g mol-

1, Df is typically in the range of 5-20 and approaches a limit of ∼10 at molar masses greater than 400 g 

mol-1.70 The value of Df was assumed to be independent of RH.52,70–72 This assumption was consistent 

with previous studies that found that the value of Df in sucrose and citric acid were independent of water 

content, except when the water content was very low.68,73,74 After T0(RH) was calculated, we calculated 

η(RH,T) using eq 4.  

2.2 Parameterization for the viscosity of toluene SOA as a function of RH and temperature 

We developed a parameterization for the viscosity of toluene SOA (proxy of anthropogenic SOA) as a 

function of RH and temperature using the following data: 1) measured room-temperature viscosity data 

of SOA generated via the photooxidation of toluene48 and 2) the room temperature viscosity data of 

water.59 These data are shown in Figure 1b. Aromatic hydrocarbons (including toluene) are an important 
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source of SOA in urban environments,75,76 and toluene SOA is often used as a proxy for anthropogenic 

SOA.77,78 Furthermore, the RH-dependent viscosity of toluene SOA is similar to the RH-dependent 

viscosity of SOA generated from diesel fuel vapors.79  Diesel fuel vapors contain a mixture of volatile 

organic compounds, and SOA generated from these vapors is likely a good proxy for SOA from 

anthropogenic sources.75,80–83  

To generate a parameterization for viscosity of toluene SOA as a function of RH and temperature, we 

first fit the data in Figure 1b to an activity-based viscosity mixing rule (eq 6):  

log (η(𝑅𝑅𝑅𝑅, 294𝐾𝐾)) = (1 − 𝑅𝑅𝑅𝑅
100

)𝑔𝑔 + 𝑅𝑅𝑅𝑅
100

ℎ, (6) 

The value of coefficients [g, h] were [9.89 ± 0.20, -2.52 ± 0.15], respectively, based on the fitting. The 

results of the fitting are included in Figure 1b (solid line). Equation 6 was used to fit the data since the 

logarithm of viscosity monotonically decreases as the RH increases and it fit the data well. To extrapolate 

the room-temperature viscosity data, η(RH, 294K), to other temperatures, we used the same approach 

discussed above for simulated pine tree SOA.  

2.3 Predicting phase state and mixing times 

To determine if the SOA was in a glassy state, we first calculated the glass transition temperature of the 

SOA as a function of RH using the following equation:  

𝑇𝑇g(𝑅𝑅𝑅𝑅) =  𝑇𝑇𝑜𝑜(𝑅𝑅𝑅𝑅)∗(𝐷𝐷f+39.17)
39.17

, (7) 

where Tg(RH) is the RH dependent glass transition temperature of the SOA. Equation 7 was derived using 

the VTF equation (eq 4) and assuming η = 1012 Pa s at the glass transition temperature.67,68,70 Next, the 

variable Tg(RH)/T was evaluated, and a Tg(RH)/T value  ≥ 1 was assumed to correspond to the glassy 

state.  

To determine mixing times of organic molecules within SOA, we first calculated diffusion coefficients 

of organic molecules within SOA as a function of temperature and RH from η(RH,T) using the Stokes-

Einstein equation: 

𝐷𝐷org(𝑅𝑅𝑅𝑅,𝑇𝑇) = 𝑘𝑘𝑘𝑘
6𝜋𝜋ɳorg(𝑅𝑅𝑅𝑅,𝑇𝑇)𝑅𝑅diff

 , (8) 
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where Dorg(RH,T) is the RH and temperature dependent diffusion coefficient of organic molecules within 

SOA, k is the Boltzmann constant, and Rdiff is the radius of the diffusing molecules. Although the Stokes-

Einstein equation drastically underpredicts diffusion coefficients of water and small oxidants in organic-

water mixtures, it predicts diffusion coefficients within the uncertainty of the measurements for the 

majority of the cases reported in the literature when the radius of the diffusing molecule (Rdiff) is greater 

than or equal to the radius of the matrix molecules (Rmatrix).39 The value of Rmatrix represents the average 

radius of the organic molecules that make up the SOA particles, whereas Rdiff represents the radius of the 

molecules of interest diffusing through the SOA. For the case of organic diffusion, we assumed Rdiff = 

Rmatrix, meaning that the radius of the diffusing molecules was the same size as the average radius of the 

SOA molecules. For our calculations, we used a Rdiff value of 0.4 nm, which was consistent with molecular 

weights, densities, and an assumed spherical geometry of SOA molecules.44,58,84–91 In contrast, Shiraiwa 

et al.52 used a value of 0.1 nm for the radius of the diffusing organic molecules. This results in a difference 

of only a factor of 4 in the mixing times of organic molecules according to eq 8, which is small compared 

to the variability in the mixing times considered here (greater than 5 orders of magnitude in variability). 

Nevertheless, when comparing our results with Shiraiwa et al.52, all of the organic mixing times from 

Shiraiwa et al.52 were increased by a factor of 4 to be consistent with the radius of the diffusing molecules 

used in our study. 

After determining Dorg(RH,T), we calculated mixing times of organic molecules as a function of RH and 

temperature, τmix,org(RH,T), using the following equation:92 

𝜏𝜏mix,org(𝑅𝑅𝑅𝑅,𝑇𝑇) = 𝑑𝑑p2

4𝜋𝜋2𝐷𝐷org(𝑅𝑅𝑅𝑅,𝑇𝑇)
, (9) 

where dp is the diameter of the SOA particle. The diameter of the SOA particle was assumed to be 200 

nm, as that is a common size of SOA particles in the atmosphere.55–57 This mixing time corresponds to 

the time it takes for concentration of the diffusing species at the centre of the particle to reach ~37% (1/e) 

of the equilibrium concentration. 

To determine mixing times of water within SOA, diffusion coefficients of water as a function of RH and 

temperature were determined using the fractional Stokes-Einstein equation:38,39,93 

𝐷𝐷H2O(𝑅𝑅𝑅𝑅,𝑇𝑇) = 𝐷𝐷0( T) ∗ ( 𝜂𝜂0(T)
𝜂𝜂(RH,T)

)𝜉𝜉, (10) 
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where DH2O (RH, T) is the RH and temperature dependent diffusion coefficient of water in SOA, D0(T) is 

the temperature dependent diffusion coefficient of water in pure water, ξ is the fractional exponent, and 

η0(T) is the temperature-dependent viscosity of pure water. The temperature-dependent viscosity data for 

pure water were taken from Hallett94 and Crittenden et al.59 Details can be found in Section S4. D0(T) was 

evaluated using the Stokes-Einstein equation and assuming a radius for a molecule of water of 0.1 nm.93 

The value of the fractional exponent was calculated using eq 11:38 

𝜉𝜉 = 1 − �𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �−𝐵𝐵 Rdiff
𝑅𝑅matrix

��, (11) 

where A and B are coefficients with values of 0.73 and 1.79, respectively. To evaluate eq 11, we assumed 

Rdiff
 = 0.1 nm and Rmatrix = 0.4 nm to be consistent with the size of water and organic molecules, 

respectively, as discussed above. The fractional Stokes-Einstein equation (eq 10) combined with eq 11 

was able to predict 98 % of the published diffusion coefficients of small molecules, including water, 

within the uncertainties of the measurements for organic-water mixtures.38 Once DH2O (RH, T) was 

determined using eq 10 and 11, we then calculated mixing times of water within the SOA using an 

equation similar to eq 9. To calculate diffusion coefficients of water, we used the fractional Stokes-

Einstein equation in place of the method used by Shiraiwa et al.52 because the fraction Stokes-Einstein 

equation does not require any assumption about the hygroscopicity or density of the SOA , unlike the 

method used by Shiraiwa et al.52 

2.4 Predicting phase state and mixing times from Shiraiwa et al.52 

Shiraiwa et al.52 used the EMAC atmospheric chemistry-climate model which includes the organic aerosol 

module ORACLE to simulate the mass of biogenic and anthropogenic SOA in four separate volatility 

bins.95,96 Each volatility bin was then assigned molar masses and oxygen-to-carbon ratios (O:C) based on 

the molecular corridor approach.97 The glass transition temperature (Tg) for each bin was then calculated 

from the molar mass and O:C using a parameterization developed by Shiraiwa et al.52 The glass transition 

temperature as a function of RH of the total SOA (biogenic and anthropogenic SOA combined) was then 

calculated from the glass transition temperature of each volatility bin and the Gordon-Taylor approach. 

Viscosities and mixing times were then calculated as a function of temperature and RH from the RH 

dependent glass transition temperature of the total SOA. One consequence of this approach was their 



11 
 

predictions corresponded to the total SOA (biogenic and anthropogenic SOA), rather than biogenic and 

anthropogenic SOA separately, although it should be kept in mind that on a global scale biogenic SOA 

dominates over anthropogenic SOA. Shiraiwa et al.52 mostly focused on results from three atmospheric 

pressures: surface pressure, 850 hPa, and 500 hPa. Here, for comparison purposes, the predictions from 

Shiraiwa et al.52 are replotted as a function of latitude and altitude. As mentioned above, their mixing 

times for organic molecules within SOA were increased by a factor of 4 to be consistent with the radius 

of the organic diffusing molecule used in our study.  

2.5 RH and temperature in the troposphere 

Information on the RH and temperature in the troposphere is needed to assess the phase of the SOA and 

the mixing times within the particles. Average annual RH and temperature fields were calculated using 

the model EMAC for the years 2005-2009. The same RH and temperature fields were used by Shiraiwa 

et al.52 RH and temperature were determined as functions of pressure, latitude, and longitude. From the 

pressure, the altitude (h) was calculated using eq 12:98 

ℎ =
1−( 𝑃𝑃𝑃𝑃0

)
𝑅𝑅𝑅𝑅

𝑔𝑔𝑀𝑀air

𝜆𝜆
𝑇𝑇0

, (12) 

where P0 is the pressure at sea level (101325 Pa), P is the pressure at the altitude being calculated, R is 

the gas constant (8.3145 J mol-1 K-1), λ is the temperature lapse rate (6.5 K km-1), g is the standard gravity 

(9.806 m s-2), Mair is the molecular mass of air (28.97 g mol-1), and T0 is the temperature at the surface 

(288.15 K). Temperature and RH values were averaged across longitude to give values as a function of 

latitude and altitude (Figure 2). 
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Figure 2. Altitude profiles for a) temperature and b) relative humidity (RH) as a function of latitude calculated using the EMAC 

model for the years 2005-2009. 

3 Results and discussion 

3.1 Parameterization of the viscosity, Tg/T, and mixing times of SOA particles as a function of 
temperature and RH.  

Shown in Figure 3 are the parameterizations of viscosity, Tg/T, and mixing times as a function of RH and 

temperature developed using the procedures described above. Here we highlight a few points: 1) as 

expected, the viscosity depends strongly on RH and temperature, with the viscosity increasing as the RH 

and temperature decrease (Figure 3a-b). An increase in viscosity with a decrease in RH is expected since 

water is a plasticizer and a decrease in RH leads to a decrease in the water content of the SOA. An increase 

in viscosity with a decrease in temperature is expected since viscous flow is an activated process. 2) At 

RH = 0, the simulated pine tree SOA and toluene SOA are in a glassy state at temperatures ≤ 280 K and 

≤ 285 K, respectively (Figure 3 c-d). This illustrates that SOA can be in a glassy state at temperatures 

approaching room temperature if RH is very low, though such conditions are not commonly expected in 

the atmosphere. However, it should be kept in mind that the glass transition temperature is highly 

dependent on RH. For example, at RH = 60%, the simulated pine tree SOA and toluene SOA do not reach 

the glassy state until the temperature is ≤ 250 K and ≤ 235 K, respectively. 3) At the same RH and 
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temperature, the mixing times of organics are much longer than the mixing times of water within the same 

type of SOA. For example, at 0% RH and 280 K, the mixing times of organics are at least a factor of 108 

larger than the mixing times of water within the simulated pine tree SOA (Figure 3e & 3g). This is because 

small molecules, such as water, can more easily diffuse through SOA particles than larger organic 

molecules. 
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Figure 3. Properties of simulated pine tree SOA and toluene SOA as a function of temperature and RH. Panels (a, b) correspond 

to viscosity for a) simulated pine tree SOA and b) toluene SOA as a function of temperature and RH. Panels (c, d) correspond 

to Tg/T for c) simulated pine tree SOA and d) toluene SOA as a function of temperature and RH. Mixing times of water in a 

200 nm particle are shown in panels (e, f) for e) simulated pine tree SOA and f) toluene SOA. Mixing times of organic 

molecules in a 200 nm particle are shown in panels (g, h) for g) simulated pine tree SOA and h) toluene SOA. 
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3.2 Global distributions of the glassy state 

Shown in Figure 4 are predicted annual average Tg/T values as a function of altitude and latitude for 

simulated pine tree SOA (Figure 4a) and toluene SOA (Figure 4b). As mentioned above, SOA is in a 

glassy phase state when Tg/T ≥ 1. The altitude above which SOA was expected to vitrify was in the FT 

region and depended on the latitude. To better illustrate the latitudinal dependence, Figure 5 shows the 

annual average Tg/T values as a function of altitude for the tropical regions (-23.26° to 23.26°), midlatitude 

regions (-23.26° to -66.3° and 23.26° to 66.3°), and polar regions (less than -66.3° and greater than 66.3°). 

The patterns of Tg/T as a function of altitude and latitude were similar in the northern and southern 

hemisphere (Figure 4) since the patterns of RH and temperature as a function of altitude and latitude were 

similar in both hemispheres (Figure 2). In addition, the shape of the Tg/T = 1 isopleth for simulated pine 

tree SOA was similar to toluene SOA, except the Tg/T = 1 isopleth for toluene SOA occurred at 1-2 km 

higher in altitude. Based on Figure 4, the lowest altitude at which the glassy state was observed was 0 km 

for simulated pine tree SOA and 5 km for toluene SOA, occurring at a latitude of -90° and -30°, 

respectively. The glassy state should be rare in the PBL, based on these predictions.  

 
Figure 4. Annual average phase state of particles of a) simulated pine tree SOA, b) toluene SOA, and c) SOA from Shiraiwa 

et al.52 as a function of altitude and latitude. The particles are in the glassy state when Tg/T ≥ 1. The red contour line corresponds 

to Tg/T=1. 
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The glassy phase state first occurs at a latitude of -90° but not 90° for the simulated pine tree SOA due to 

the difference in temperatures. At a latitude of -90°, the temperature was ~30 K lower than the temperature 

at 90°, resulting in higher viscosities.  

For simulated pine tree SOA in the polar, midlatitude, and tropical regions, the annual average Tg/T could 

exceed 1, indicating the formation of a glass, at altitudes of 4.25 km, 5.25 km, and 5.5 km, respectively 

(Figure 5a). For toluene SOA in the polar, midlatitude, and tropical regions, the average Tg/T could exceed 

1 at altitudes of 8.75 km, 8.5 km, and 7.25 km, respectively (Figure 5b).  

 
Figure 5. Annual average altitude profiles of Tg/T for a) polar (latitude greater than 66.3° and less than -66.3°), b) midlatitude 

(66.3°>latitude>23.26° and -66.3°<latitude<-23.26°), and c) tropical (23.26°>latitude>-23.26°) regions for simulated pine tree 

SOA (red), toluene SOA (black), and SOA from Shiraiwa et al.52 (blue).  

 

The results from Shiraiwa et al.52 are shown in Figures 4c and 5 for comparison. As discussed above, their 

results corresponded to combined biogenic and anthropogenic SOA. However, biogenic sources dominate 

outside urban environments and in the FT since anthropogenic sources only contribute approximately 

10% to the total SOA budget.2,99 The predictions from Shiraiwa et al.52 had a similar shape to the results 

for simulated pine tree SOA and toluene SOA (Figure 4c), except the Tg/T = 1 isopleth was shifted to 

lower altitudes. The Tg/T=1 isopleth from Shiraiwa et al.52 was approximately 1-4 km lower in attitude 

than the simulated pine tree SOA predictions, depending on latitude. At a latitude of -90°, the lowest 

altitude at which the glassy state might be observed is 0.5 km based on the results from Shiraiwa et al.52 
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For the polar, midlatitude, and tropical regions the average Tg/T might exceed 1 at altitudes of 2.5 km, 2.5 

km, and 3 km, respectively, based on Shiraiwa et al.52 The glassy state was also rare in the PBL except 

over dry lands based on the Shiraiwa et al.52 predictions. 

3.3 Global distributions of water mixing times 

Shown in Figures 6-7 are the predicted global distributions of the annual average mixing times of water 

in 200 nm particles. The shapes of the 1 h isopleth for simulated pine tree SOA were similar to the 1 h 

isopleth for toluene SOA, except the toluene SOA 1 h isopleth occurred at 2-3 km higher in altitude. 

Based on Figure 6, the lowest altitude where the mixing times of water were greater than or equal to 1 h 

was 1.5 km for simulated pine tree SOA and 8 km for toluene SOA, occurring at latitudes of -90° and -

30°, respectively. The mixing time of water reaching 1 h for the simulated pine tree SOA at a latitude of 

-90°, but not 90°, due to the lower temperatures at -90° compared to 90°, as discussed above. For 

simulated pine tree SOA in the polar, midlatitude, and tropical regions, the average mixing time of water 

was greater than or equal to 1 h at altitudes of 5 km, 6.5 km, and 6.75 km, respectively (Figure 7a). For 

toluene SOA in the polar, midlatitude, and tropical regions, the average mixing time of water was greater 

than or equal to 1 h at altitudes of 9 km, 8.75 km, and 9.5 km, respectively (Figure 7b).  

 
Figure 6. Annual average mixing time of water in a 200 nm particle for a) simulated pine tree SOA, b) toluene SOA, and c) 

SOA from Shiraiwa et al.52 as a function of altitude and latitude. The contour lines correspond to mixing times in hours. The 

red contour line corresponds to a mixing time of 1 h. 
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Figure 7. Annual average altitude profiles of the mixing time of water in a 200 nm particle for a) polar (latitude greater than 

66.3° and less than -66.3°), b) midlatitude (66.3°>latitude>23.26° and -66.3°<latitude<-23.26°), and c) tropical 

(23.26°>latitude>-23.26°) regions for simulated pine tree SOA (red) , toluene SOA (black), and SOA from Shiraiwa et al.52 

(blue). The vertical lines are included to highlight a mixing time of 1 h. Average mixing time values were calculated using the 

average of the log mixing time data as a function of latitude. 

 

The results from Shiraiwa et al.52 had a similar shape to the simulated pine tree SOA and toluene SOA 

results (Figure 6c), except that the 1 h isopleth was at lower altitudes. At a latitude of -90° (Figure 6c), 

Shiraiwa et al.52 predicted the mixing time of water to be greater than 1 h at altitudes of 1 km. The average 

mixing time of water in polar, midlatitude, and tropical regions could be greater than 1 h at altitudes of 

4.5 km, 5.5 km, and 6 km, respectively (Figure 7).  

3.4 Global distributions of organic mixing times 

Shown in Figures 8-9 are the predicted global distributions of annual average mixing times of organic 

molecules in 200 nm particles. The lowest altitude at which the mixing times of organics exceeded 1 h 

was 0 km for simulated pine tree SOA (Figure 8a) and 1.5 km for toluene SOA (Figure 8b), corresponding 

to -90° latitude. The mixing times of organics were less than 1 h in the PBL based on both the simulated 

pine tree and toluene SOA predictions. 
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Figure 8. Annual average mixing time of organic molecules within SOA for a) simulated pine tree SOA, b) toluene SOA, and 

c) SOA from Shiraiwa et al.52 as a function of altitude and latitude. The contour lines correspond to mixing times in hours. The 

red contour line corresponds to a mixing time of 1 h. 

 

Simulated pine tree SOA in the polar, midlatitude, and tropical regions could have an average mixing 

time of organics ≥ 1 h at altitudes of 0.5 km, 1.75 km, and 2.5 km, respectively (Figure 9). Toluene SOA 

in the polar, midlatitude, and tropical regions could have an average organic mixing time ≥ 1 h at altitudes 

of 5.75 km, 4 km, and 3.5 km, respectively (Figure 9). 

Similarly to Tg/T and the water mixing times, the results for the mixing time of organics by Shiraiwa et 

al.52 had a similar shape to the simulated pine tree and toluene SOA results (Figure 8c), except the 1 h 

isopleth occurred at a lower altitude. At a latitude of -90° (Figure 8c), the mixing time of organics could 

exceed 1 h at the surface. The average mixing times of organics in the polar, midlatitude, and tropical 

regions could be greater than 1 h at altitudes of 0.5 km, 1 km, and 1 km, respectively (Figure 9). The 

mixing times of organics were often less than 1 h in the PBL based on the Shiraiwa et al.52 predictions. 
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Figure 9. Annual average altitude profiles of the mixing time of organics in a 200 nm particle for a) polar (latitude greater than 

66.3° and less than -66.3°), b) midlatitude (66.3°>latitude>23.26° and -66.3°<latitude<-23.26°), and c) tropical 

(23.26°>latitude>-23.26°) regions for simulated pine tree SOA ( red), toluene SOA (black), and SOA from Shiraiwa et al.52 

(blue). The vertical lines are included to highlight a mixing time of 1 h. Average mixing time values were calculated using the 

average of the log mixing time data as a function of latitude. 

 

In our analysis we focused on a mixing time of 1 h. Typical timescales used in global atmospheric models 

are often in the range of 0.5-1 h. The overall conclusions reached here do not change if a timescale of 0.5 

h was used instead of 1 h (Figure S1 and S2). 

3.5 Possible reasons for the difference between the current results and Shiraiwa et al.  

The Tg/T values, mixing times of water, and mixing times of organics predicted by Shiraiwa et al.52 were 

larger than those predicted here for the same altitude and latitude. These differences could be due to 

several reasons. For example, the method used to predict viscosities by Shiraiwa et al.52 was very different 

than the method used here (see Section 2.4 for details). Several parameters were needed for the predictions 

by Shiraiwa et al.52 including the hygroscopicity and Gordon-Taylor constants for the SOA. These 

parameters each have their own uncertainties, which could lead to an under or over prediction of the 

viscosity of the SOA. In addition, the parameterization used by Shiraiwa et al.52 to convert molar mass 

and O:C to a glass transition temperature had an uncertainty of +/- 15 K for individual components, which 
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could also lead to an under or over prediction of the viscosity of the SOA at a given temperature and RH, 

although the uncertainty might be as small as +/- 3 K for SOA mixtures. 

In our study, we used experimentally determined viscosity measurements of SOA generated in an 

environmental chamber. In this case, the SOA was formed during a short time period (less than 2 h), and 

hence corresponded to fresh SOA. In contrast, the simulations by Shiraiwa et al.52 took into account 

atmospheric aging of fresh SOA using a chemistry-climate model. This atmospheric aging could lead to 

reduced volatilities and higher viscosities, Tg/T values, and mixing times.46,100–105 In addition, the SOA 

used to generate the parameterization for the simulated pine tree SOA discussed here was produced with 

mass concentrations of 50 to 60 µg m-3,58 which was higher than SOA mass concentrations found in the 

FT. Previous studies have shown that higher mass concentrations could lead to lower viscosities, and 

hence lower Tg/T values and mixing times.36,106,107 In contrast, Shiraiwa et al.52 used a chemical transport 

model to predict mass concentrations, which was able to reproduce spatial distributions and mass 

concentrations of SOA measured in the troposphere.108 The SOA used to generate the parameterization 

for toluene SOA was produced with mass concentrations of either 60-100 µg m-3 or 600-1000 µg m-3, 

with no dependence of the viscosity on production mass concentration.48 As a result, it is unknown 

whether the viscosity would increase at lower mass concentrations for the toluene SOA.  

As a proxy of biogenic SOA, we used SOA generated from a mixture of VOCs representative of tree 

emissions. It is expected that this SOA would be a good proxy for SOA over a boreal forest.58,61,62 

However, it might not be a good proxy for biogenic SOA over all types of biomes because the composition 

of emitted VOCs varies greatly between different plant functional types.109 The results from Shiraiwa et 

al.52 included emissions from both boreal and temperate forests, which could produce differing results in 

regions with temperate forests. 

Finally, Shiraiwa et al.52 took into account various emission of VOCs from both anthropogenic and 

biogenic sources. Conversely, we used a single VOC (toluene) to represent anthropogenic emissions and 

a mixture of VOCs similar to emissions of VOCs from pine trees to represent biogenic SOA. Differences 

in the VOCs used to generate SOA in our experiments and the model by Shiraiwa et al.52 could also lead 

to differences in viscosities. For example, SOA generated from the photooxidation of isoprene and SOA 

generated from the ozonolysis of α-pinene gave different viscosities than SOA from pine tree 
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emissions.36,58,110 As a result, the predicted viscosities from either study would be dependent on the 

precursor VOCs used for the SOA, potentially causing different predictions of viscosity. 

In conclusion, the differences between the current study and the study by Shiraiwa et al.52 might be 

explained by the higher mass concentrations and lack of chemical aging of the SOA used to develop the 

pine tree SOA parameterization, as well as the VOCs that contributed to the SOA in each study. The 

differences in methodologies used to predict viscosity might also play a role.  

4 Summary, conclusions, implications, and outlook 

Parameterizations for viscosity as a function of temperature and RH were developed for simulated pine 

tree SOA (biogenic SOA proxy) and toluene SOA (anthropogenic SOA proxy) based on room 

temperature viscosity data. Based on these parameterizations, as well as tropospheric RH and temperature 

fields, the phase state and mixing times of water and organic molecules in SOA particles were predicted. 

Some of the key results are summarized and compared with Shiraiwa et al.52 in Table 1. Based on our 

results, the glassy state can often occur, and the mixing time of water can often exceed 1 h at altitudes > 

6 km. The mixing time of organic molecules can often exceed 1 h throughout most of the FT. The glassy 

state is not important in the PBL and the mixing time of water and organic molecules is less than 1 h for 

most of the PBL. The latter conclusion is consistent with previous predictions, field measurements, and 

laboratory studies of SOA at temperatures and RH values common for the PBL.43,50,111–115  

The timescale of a typical updraft in the atmosphere is between a few minutes and 1 h.16 During an updraft, 

the temperature will decrease and the RH will increase. Due to the long mixing times of water in SOA at 

altitudes > 6 km, SOA may not be able to reach equilibrium with the surrounding RH during updrafts in 

this region of the atmosphere. As a result, heterogenous ice nucleation by the glassy state will be more 

likely since a glassy core is more likely to be able to persist during an updraft in this region of the 

atmosphere. 

Long mixing times of organics in the FT have implications for the long-range transport of pollutants such 

as polycyclic aromatic hydrocarbons (PAHs). Previous studies have shown that aerosol particles can 

undergo long-range transport at altitudes of 2-6 km, depending on the latitude and longitude.116–118 These 

altitudes correspond to altitudes where the mixing times of organics within SOA can be long. As a result, 
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pollutant molecules can be trapped within SOA particles during long-range transport, inhibiting their 

degradation via oxidation.34,119–122 

The mixing time of organics in SOA is predicted to be less than 1 h for most of the PBL, where the 

majority of SOA is formed. This means that the assumption of equilibrium partitioning for SOA formation 

used in global chemical transport models is reasonable for most of the PBL, consistent with previous 

conclusions.43,50,52,113,120–122 Equilibrium partitioning for SOA may not be valid in cases where SOA is 

formed in the FT.123 

Our results are qualitatively consistent with the findings in Shiraiwa et al.52, but there are quantitative 

differences. The Tg/T values, mixing times of water, and mixing times of organics predicted by Shiraiwa 

et al.52 were larger than those predicted here for the same altitude and latitude. In addition, the glassy state 

was predicted to occur at roughly 2 km lower in altitude by Shiraiwa et al.52 Furthermore, mixing times 

of organic molecules within SOA were predicted to exceed 1 h at approximately 1 km lower in altitude 

by Shiraiwa et al.52  Additional studies are needed to better understand the reasons for these differences. 

Both this study and the study by Shiraiwa et al.52 investigated mixing times within SOA particles with 

diameters of 200 nm. These calculations could be extended to other particles sizes, and the results would 

scale as the diameter squared. As a result, larger particles would have longer mixing times and smaller 

particles would have shorter mixing times. The phase state calculations (i.e. Tg/T values) are independent 

of the particle size so the predications presented by both studies would apply to all SOA particles in the 

accumulation mode.   

For biogenic SOA, this study focused on simulated healthy pine tree SOA, where the VOC emissions are 

predominately monoterpenes with a small contribution from sesquiterpenes.66 However, it has been 

shown that the VOC emission profile can change when the tree is stressed,60,66 and the prevalence of plant 

stress conditions are increasing in frequency and severity.124–126 The SOA generated from the stress trees 

has been shown to have a higher viscosity than the healthy trees,58 meaning that the prevalence of glassy 

SOA from pine trees could increase in the future.  

The biogenic and anthropogenic SOA were considered separately in the current study, whereas SOA in 

the atmosphere would likely be a mixture of SOA from multiple biogenic sources and anthropogenic 

sources. To apply the method described in the current study to mixtures, mixing rules for viscosities could 
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be used.42,127–129 These mixing rules have been used in the past to predict the viscosity of organic-water 

and SOA-water mixtures with some success. 

To improve predictions of phase state, mixing times of water, and mixing times of organic molecules in 

SOA particles, laboratory viscosity or diffusion measurements as a function of RH are needed for SOA 

prepared at lower, more atmospherically relevant mass concentrations. Explicit measurements of 

viscosity at reduced temperatures are needed as well. In addition, viscosity or diffusion measurements of 

more oxidized (i.e. aged) SOA are needed to better replicate atmospheric SOA. The current study used 

simulated pine tree SOA and toluene SOA to represent biogenic SOA and anthropogenic SOA, 

respectively. Similar studies with other types of SOA are also needed. These experiments will provide a 

greater understanding of the phase state and mixing times in atmospheric SOA, which will allow for 

improved predictions of these properties. Other important types of SOA include biomass burning SOA 

and low volatility isoprene derived epoxydiols (IEPOX)-SOA.130,131 Although viscosities of primary 

biomass burning organic aerosol have been estimated based on chemical composition or volatility 

distributions,70,105 viscosities of SOA from biomass burning have not been reported in the literature. 

IEPOX-SOA has been shown to have relatively high viscosity,130,131 similar or higher than the simulated 

pine tree SOA discussed here. 

Similar to Shiraiwa et al,52 the results presented here are based on average annual RH and temperature 

fields. Additional studies are needed to determine how the global distributions of the phase state and 

mixing times within SOA change with time of day and season. The RH and temperature fields in the free 

troposphere will depend less on the time of the day than at the surface.132,133 In the PBL, RH and 

temperature will vary significantly with the time of day and season, and hence phase state and mixing 

times within SOA are also expected to vary with time of day and season.54,134–136  
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Table 1: Altitudes at which SOA reaches a glassy state and mixing time of water and organics in SOA are greater than 1 h for 

different regions of the Earth. Latitudes of -90° and -30° are shown, since these latitudes correspond to the lowest altitudes 

that SOA reaches a glassy state and mixing time of water and organics in SOA are greater than 1 h for simulated pine tree 

SOA and toluene SOA, respectively. 

SOA 
Property Source of SOA 

Region of the Earth 
-90° 

latitude 
-30° 

latitude Tropical Midlatitude Polar 

Tg/T greater 
than 1 

Simulated pine tree 
SOA (current study) 

0 km 4 km 5.5 km 5.25 km 4.25 km 

Shiraiwa et al.52 
(Mostly Biogenic 

SOA) 
0.5 km 2 km 3 km 2.5 km 2.5 km 

Toluene SOA (current 
study) 

8.5 km 5 km 7.25 km 8.5 km 8.75 km 

Mixing time 
of water 

greater than 1 
h in 200 nm 

SOA 

Simulated pine tree 
SOA (current study) 

1.5 km 5.5 km 6.75 km 6.5 km 5 km 

Shiraiwa et al.52 
(Mostly Biogenic 

SOA) 
1 km 5 km 6 km 5.5 km 4.5 km 

Toluene SOA (current 
study) 

8.5 km 8 km 9.5 km 8.75 km 9 km 

Mixing time 
of organics 

greater than 1 
h in 200 nm 

SOA 

Simulated pine tree 
SOA (current study) 

0 km 1.5 km 2.5 km 1.75 km 0.5 km 

Shiraiwa et al.52 
(Mostly Biogenic 

SOA) 
0 km 0.75 km 1 km 1 km 0.5 km 

Toluene SOA (current 
study) 

1.5 km 2.25 km 3.5 km 4 km 5.75 km 
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S1 Viscosity measurements of Scots pine tree SOA at 59 and 74 % RH using the poke-flow technique. 

Recently, Smith et al.1 reported the viscosity of SOA generated from the photooxidation of a mixture of volatile organic 

compounds used to represent the emissions from healthy Scots pine trees. Viscosities were determined using the poke-flow 

technique at RH values < 50%. Here we add to these previous measurements by carrying out similar measurements, but at RH 

values of 59 and 74 %. The same procedure was used to measure the viscosity and the same conditions were used to generate 

the SOA. For details of SOA generation see Smith et al.1.  

 

The poke-flow technique has been described previously.2–4 The SOA is collected on a hydrophobic glass slide (coated with 

FluorPel 800, Cytonix) using an impactor as described in Smith et al.1 After collection, the SOA particles on the slides were 

30-80 µm in diameter. The glass slide is placed in a humidity-controlled flow cell, and humidified nitrogen is flowed through 

the cell to condition the particles to the surrounding RH. After conditioning the particles, a needle (13561-20, Ted Pella 

Company) is attached to a micromanipulator and used to poke the particles, leaving the particles in a half-torus geometry. 

After poking, the material flows to return to the spherical cap geometry, and images are recorded as it flows. From the images, 

the experimental flow time, τflow, exp, is determined, which is defined as the time it takes for the area of the hole to reduce to a 
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quarter of its original size. Viscosity is then determined using fluid simulations in COMSOL Multiphysics. A half-torus is 

generated in COMSOL using the particle and hole dimensions from the experiments. Literature values for material properties 

of surface tension, density, slip length and contact angle are used as inputs (see Table S2 in Smith et al.1). The model also uses 

viscosity as an input, and the particle viscosity is determined by varying the input viscosity until the area of the hole in the 

model reduces to a quarter of its original size for the experimental time.  

 

The time used to condition the particles to the surrounding RH prior to poking was 1.5-24.0 h and 3.8 h, for RH values of 59 

and 74 %, respectively (Table S1). To determine if this time was sufficient for near equilibrium conditions, we first calculated 

the diffusion coefficients of water within the particles from the measured viscosity and using the fractional Stokes-Einstein 

equation (eq 10 and 11 in the main text). To evaluate eq 11 we assumed Rdiff = 0.1 nm and Rmatrix = 0.4 nm, as discussed in the 

main text, where Rdiff is the radius of water molecules, and Rmatrix is the radius of the organic molecules in the SOA. Once the 

diffusion coefficients of water were calculated, we next calculated the characteristic mixing time of water within the particles 

using eq 9 in the main text. Based on these calculations, the characteristic mixing times of water were always shorter than the 

experimental conditioning times used in the experiments, indicating that near equilibrium conditions were reached (Table S1). 

S2 Viscosity of Scots pine tree SOA at 75, 85, and 95% RH based on diffusion measurements 

For Scots pine tree SOA, the poke flow technique was limited RH values < 75%. At higher RH values the material flowed too 

fast for the poke-flow measurements. To determine viscosities of Scots pine tree SOA at higher RH values (75, 85, and 95 % 

RH), we first measured diffusion coefficients of large fluorescent organic molecules within the Scots pine tree SOA using 

rectangle area fluorescence recovery after photobleaching (rFRAP). The diffusion coefficients were then converted into 

viscosities using the Stokes-Einstein relation (eq 8 in the main text). The Stokes-Einstein relation together with measured 

diffusion coefficients should give accurate values of viscosities when the radii of the diffusing molecules are larger than the 

radii of the organic matrix molecules,5,6 which is the case in our experiments. The same procedure was used to generate the 

Scots pine tree SOA for the rFRAP measurements as described in Smith et al.1. The large fluorescent organic molecule used 

in the current study was rhodamine 6G (R6G), which has a molecular mass of 479.02 g/mol and a radius of 0.589 nanometers.7  

 

The rFRAP technique is describe in detail previously8 and has been used to measure the diffusion of fluorescent organic 

molecules in SOA 9 and SOA proxies.5,6,10 For the rFRAP experiments, glass slides (Hampton Research, 12 mm circular slides) 

for sample collection were first prepared by submerging them in NoChromix for 24 h, then washing the slides with methanol 

and water and putting them in an oven overnight. Slides were then coated with the fluorescent organic dye R6G by depositing 

10 µL of a 4 mM R6G solution in ethanol on the slide and spin-coating at 6100 RPM for 1 minute. SOA was then collected 

on the dye coated slides using an impactor as described in Smith et al.1. After collection, the slides containing SOA were placed 

into glass jars containing saturated salt solutions of either NaCl, KCl or KNO3 to condition the sample to the RH of choice 

(75, 85 and 95% RH, respectively). The samples at 75% and 85% RH were conditioned for 24 h and the sample at 95% was 
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conditioned for 48 h. These conditioning times were more than enough to reach equilibrium between the SOA and the surround 

gas phase based on calculations similar to those described in Section S1. After the SOA reached equilibrium with the RH in 

the jar, the jar was put into a Glove BagTM (Glas-Col). The RH in the Glove Bag was controlled using a flow of humidified 

nitrogen gas, and the RH was measured using a handheld hygrometer. The RH in the bag was set to the same RH as the jar. 

The sample was removed from the glass jar and a siliconized glass slide was placed on top (Hampton Research, 12 mm circular 

slides) causing the SOA particles to form thin films approximately 15-25 µm thick, determined with a confocal laser scanning 

microscope. The two circular glass slides were then sandwiched between two larger glass slides coated with vacuum grease 

along the edges (Figure S3) to ensure the RH within the sample did not change after it was removed from the glove bag. A 

metal spacer was included between the two sandwiched glass slides as well to ensure there was a large enough gap between 

the two slides for the smaller 12 mm slides (Figure S3). 

The rFRAP experiments used a 543 nm helium-neon laser on a confocal laser scanning microscope to photobleach fluorescent 

molecules in a specified region of the thin film. Once a rectangular region of the sample was photobleached, the bleached 

molecules diffused out of the area and unbleached molecules diffused in causing the fluorescence in the bleached region to 

recover. The time dependence of the fluorescence recovery was monitored using the confocal laser scanning microscope. From 

the time dependent recovery, diffusion coefficients were determined.  

The rFRAP experiments were performed using a Zeiss LSM510 confocal laser scanning microscope with a 10X objective, a 

numerical aperture of 0.3, and a pinhole setting of 80 µm. The laser power used for bleaching was adjusted to obtain a bleach 

depth of 20-40%. It has previously been reported that measured diffusion coefficients are independent of bleach depth up to a 

bleach depth of 50% for the rFRAP technique.8 The photobleaching areas ranged from 20 µm2 to 324 µm2, with the smaller 

areas being used at lower RHs, since lower RHs resulted in lower diffusion rates. After bleaching, the sample was scanned at 

time intervals ranging from 5-1200 seconds. The time intervals were varied based on the rate of recovery of the fluorescence 

in the bleached area. Heating of the film during the photobleaching process is not expected to impact the measured diffusion 

coefficients. While heating may occur, thermal diffusion would be much faster than the molecular diffusion, meaning the heat 

would be lost to the surroundings much more rapidly than the molecules would diffuse.10 This is consistent with previous 

measurements at different photobleaching sizes and powers.9,10 

The fluorescence intensity after photobleaching can be described using the following equation:8 
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where F(x,y,t) is the fluorescence intensity at position (x,y) at time t after photobleaching; F0(x,y) is the initial fluorescence 

intensity at position (x,y) before photobleaching; K0 is the effective bleach depth, or the decrease in the fluorescence 

intensity in the photobleached area; ly and lx are the dimensions of the photobleached area; r is the lateral resolution of the 

microscope; D is the diffusion coefficient of the fluorescent molecule; and erf is the error function.  
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After an rFRAP experiment, the images were first normalized to an image collected before photobleaching using ImageJ.11 

The image resolution was reduced from 512x512 pixels to 128x128 pixels to reduce noise. Then each image was fit to eq S1 

using a Matlab script (The Mathworks, Natick, MA, USA), with K0 and r2+4Dt as free parameters. The bleach width (lx and 

ly) is determined by fitting eq S1 to the first five images after photobleaching with the bleach width left as a free parameter. 

The value of the bleach width is then used as an input when analysing all the images. A value for r2+4Dt is obtained from 

each image and is plotted as a function of time after photobleaching. The data was fit to a straight line, and the diffusion 

coefficient was determined from the slope of the line. An example of an r2+4Dt plot is shown in Figure S4. Images were only 

used if the signal was less than 3 times the standard deviation of the noise. 

Equation S1 assumes that there is no diffusion in the z direction. It has been shown that eq S1 gives accurate diffusion 

coefficients when the thickness of the film is ≤ 120 μm and the numerical aperture of the microscope is ≤ 0.45,8 which is the 

case in our experiments.  

S3 Activity based viscosity mixing rule  

The activity based mixing rule is based on the Arrhenius mixing rule: 

log (η𝑚𝑚𝑚𝑚𝑚𝑚) = 𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆log (𝜂𝜂𝑆𝑆𝑆𝑆𝑆𝑆) + 𝑥𝑥𝐻𝐻2𝑂𝑂log (𝜂𝜂𝐻𝐻2𝑂𝑂), (S2) 

where ηmix, ηSOA and ηH2O are the viscosity of the mixture, SOA, and water, respectively, and xSOA and xH2O are the mole fraction 

of the SOA and water in the mixture. The mole fraction of water and SOA can be calculated from the relative humidity (RH) 

using the following equation:12 

𝑎𝑎𝑤𝑤 = 1

(1+𝑖𝑖SOA
𝑛𝑛SOA
𝑛𝑛H2O

)
, (S3) 

where aw is the activity of water, i is the van’t Hoff factor, and nSOA and nH2O are the moles of water and SOA, respectively. 

We assumed a van’t Hoff factor of 1. This allows the equation to be rearranged into the form:  

𝑎𝑎𝑤𝑤 = 𝑛𝑛H2O
(𝑛𝑛H2O+𝑛𝑛SOA)

, (S4) 

This equation shows that the mole fraction of water is equal to the activity of water in an ideal solution with a van’t Hoff factor 

of 1. The activity of water is defined as 𝑅𝑅𝑅𝑅
100

, which can be combine with equation S2 to give the final activity based mixing 

rule: 

log (𝜂𝜂) = (1 − 𝑅𝑅𝑅𝑅
100

)log (𝜂𝜂𝑆𝑆𝑆𝑆𝑆𝑆) + 𝑅𝑅𝑅𝑅
100

log (𝜂𝜂𝐻𝐻2𝑂𝑂), (S5) 

S4 Viscosity of water as a function of temperature 

The viscosity of water as a function of temperature was determined based on the temperature-dependent viscosities 

between 311 K and 230 K from Hallett13 and Crittenden et al.14 (Figure S5). The data was fit to the VTF equation:15 

 log(𝜂𝜂) = 𝐴𝐴 + 𝐵𝐵
(𝑇𝑇−𝑇𝑇0)

, (S6) 
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where A and B are fitting constants. The VTF equation is an empirical equation that has been used to fit temperature-

dependence viscosity data for a wide variety of compounds.15 The values of [A, B, and T0] obtained from the fitting were [-

4.28 ± 0.011, 152.87 ± 2.21, 173.06 ± 0.70]. The fit to the data is shown in Figure S5 as a solid line. 

 

Tables and Figures 

 

Table S1: Relevant experimental conditions used in the poke-flow experiments. RH is the relative humidity at which the 

experiments were carried out. The midpoint of viscosity is based on the poke-flow measurements. The diffusion coefficient of 

water was calculated from the viscosity and the fractional Stokes-Einstein equation. The dp-values listed here are the diameter 

of the droplets used in the poke-flow experiments.  These dp-values are different than the dp-value used when calculating 

mixing times in SOA in the atmosphere (see main text).  For the latter we used a dp-value of 200 nm, which corresponds to a 

common size of SOA particles in the atmosphere. The τmix,H2O-values are the calculated characteristic mixing time of water 

within the particles based on the calculated diffusion coefficients of water. The texp,H2O-values are the experimental conditioning 

times, or the time allowed for the particles to come to equilibrium with the surrounding RH. 

RH (%) Midpoint of 

viscosity (Pa 

s) 

Diffusion 

coefficient of 

water (m2 s-1) 

dp (µm)  τmix,H2O (hrs) texp,H2O (hrs) 

59 2x104 3x10-13 55-59 0.08-0.09 1.5-24 

74 1x103 1x10-12 58-67 0.017-0.023 3.75 
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Figure S1. Annual average mixing time of water in a 200 nm particle for a) simulated pine tree SOA, b) toluene SOA, and c) 

SOA from Shiraiwa et al.52 as a function of altitude and latitude. The contour lines correspond to mixing times in hours. The 

red contour line corresponds to a mixing time of 1 h and the purple contour line corresponds to a mixing time of 0.5 h. 

 

 
Figure S2. Annual average mixing time of organic molecules within SOA for a) simulated pine tree SOA, b) toluene SOA, 

and c) SOA from Shiraiwa et al.52 as a function of altitude and latitude. The contour lines correspond to mixing times in hours. 

The red contour line corresponds to a mixing time of 1 h and the purple contour line corresponds to a mixing time of 0.5 h. 
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Figure S3. Schematic of a prepared rFRAP sample. Panel A shows a top view and panel B shows a side view of the prepared 

sample.  
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Figure S4. Plot of r2+4Dt as a function of time after a SOA sample containing a fluorescent organic dye (Rhodamine 6G) 

was photobleached at an RH of 85%. Each circle corresponds to a value obtained from the fit of eq S1 to one of the images 

recorded after photobleaching and the red line corresponds to the linear best fit to the data.  
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Figure S5. Viscosity as a function of temperature for water and fit to the experimental data using the VTF equation. The black 

squares correspond to the measured viscosities of water as a function of temperature from Hallett13 and Crittenden et al.14 and 

the red line is a fit to the data using the VTF equation (eq S6).  
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