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Abstract.

When simulating the formation and life cycle of secondary organic aerosol (SOA) with chemical transport models, it is often
assumed that organic molecules are well mixed within SOA particles on the time scale of 1 h. While this assumption has been
debated vigorously in the literature, the issue remains unresolved in part due to a lack of information on the mixing times
within SOA particles as a function of both temperature and relative humidity. Using laboratory data, meteorological fields and
a chemical transport model, we determine how often mixing times are < 1 h within biogenic SOA in the planetary boundary
layer (the region of the atmosphere where SOA concentrations are on average the highest). Based on laboratory viscosity
measurements, we show that the mixing times are < 1 h most of the time (> 94 % of the occurrences) when the SOA
concentrations are significant. In addition, we show that a reasonable upper limit to the mixing time for most locations is 30
min. Additional measurements are needed to explore further the effect of oxidation level, oxidation type, and gas-phase
precursor on the viscosity and diffusion within biogenic SOA; nevertheless, based on the available laboratory data, the
assumption of well mixed SOA in chemical transport models seems reasonable for biogenic SOA in most locations in the
planetary boundary layer. On the other hand, slow diffusion in biogenic SOA may still be important in the PBL for
heterogeneous chemistry. Slow diffusion in biogenic SOA will also be more important in the free troposphere where both the
temperature and RH are lower than in the PBL. Mixing times within anthropogenic SOA can be longer than mixing times
within biogenic SOA, at least a room temperature, but additional studies of viscosities or diffusion rates of organic molecules
within anthropogenic SOA as a function of both temperature and RH are needed to better constrain how often mixing times
are > 1 h within anthropogenic SOA in the PBL.
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1. Introduction

Secondary organic aerosol (SOA) is formed in the atmosphere when volatile organic compounds from biogenic and
anthropogenic sources are oxidized by a complex series of reactions to form semivolatile organic compounds (SVOCs),
followed by condensation of the lowest volatility products or reactions of the SVOCs in the particle phase (Ervens et al., 2011;
Hallquist et al., 2009). The term “secondary” indicates the aerosol is formed in the atmosphere rather than emitted directly into
the atmosphere. Globally, SOA from biogenic sources dominate, with SOA from anthropogenic sources contributing
approximately 10% to the total SOA budget (Hallquist et al., 2009; Spracklen et al., 2011). Major contributors to biogenic
SOA are oxidation of a-pinene and isoprene (Hu et al., 2015; Kanakidou et al., 2005; Pathak et al., 2007), and as a result SOA
derived from a-pinene and isoprene are the most widely used representatives of biogenic SOA in experimental and modelling
studies.

The planetary boundary layer (PBL) is the lowest part of the atmosphere, ranging from the Earth’s surface to roughly 1 km in
altitude, depending on location and time (Wallace and Hobbs, 2006). Within this region vertical mixing of air masses is rapid
and on the order of 30 min (Wallace and Hobbs, 2006). In addition, within the PBL the temperature varies from roughly 265
K to 305 K and the relative humidity (RH) varies from roughly 20 % to 100 % (see below). SOA concentrations are also on
average highest in the PBL (Heald et al., 2011; Wagner et al., 2015).

When simulating the formation, growth, and evaporation of SOA particles with chemical transport models, it is often assumed
that SVOCs are well mixed within SOA particles on the time scale of 1 h (Hallquist et al., 2009). If SVOCs are not well mixed
within SOA particles on this time scale, then chemical transport models could incorrectly predict SOA mass concentrations by
up to an order of magnitude (Shiraiwa and Seinfeld, 2012) and incorrectly predict the size of SOA particles (Zaveri et al.,
2014), with implications for air quality and climate predictions (Seinfeld and Pandis, 2006). Recent research has shown that
mixing times of organic molecules within SOA particles can be > 1 h at room temperature and low RHs (Abramson et al.,
2013; Grayson et al., 2016; Liu et al., 2016; Perraud et al., 2012; Renbaum-Wolff et al., 2013; Song et al., 2016; Ye et al.,
2016; Zhang et al., 2015). In addition, studies have shown that proxies of SOA particles can form glasses at low RHs and low
temperatures (Koop et al., 2011; Zobrist et al., 2008). Nevertheless, the conditions that lead to slow mixing times in SOA may
be infrequent on a global scale in the PBL. If this is the case, then the assumption of well mixed SOA particles in chemical
transport models should be reasonable. How often mixing times are > 1 h under ambient conditions in the PBL is not well
constrained, in part due to the lack of information on mixing times of organic molecules in SOA particles as a function of both
RH and temperature.

In the following, we have developed a parameterization for the viscosity of a-pinene SOA particles as a function of both RH
and temperature and determined the distribution of RH and temperature in the PBL from an archive of meteorological fields.
We also determined the conditions in the PBL when SOA concentrations are significant using a chemical transport model. We
then used this combined information to quantify how often mixing times of SVOCs are > 1 h within a-pinene and isoprene

SOA for ambient conditions in the PBL. Mixing times within anthropogenic SOA are also discussed. Our study is
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complementary to the recent study by Shiraiwa et al. (2017) on the global distribution of particle phase state in atmospheric
SOA, although our study focuses on mixing times within SOA in the PBL and uses a different approach to determine
physicochemical properties of SOA.

2. Materials and Methods
2.1 Parameterization for the viscosity of a-pinene SOA as a function of temperature and RH.

Recently researchers have measured the viscosity of a-pinene SOA at room temperature (Bateman et al., 2015; Grayson et al.,
2016; Zhang et al., 2015) (Table S1) and low temperatures (Table S2) at various RHs. The viscosity of liquid water as a
function of temperature have also been measured (Table S3). To develop a parameterization for viscosity within a-pinene

SOA as function of temperature and RH, the following equation was fit to these measured viscosities (Table S1-S3):

wso0ATgsoA+tWH20TgH20KGT

C1*(T
log(n) = 12 — 1% WsoAtWHzoker (1)
g ot (T wso0ATgsoAtWH20TgH20KGT
2+ WSOA+TWH20KGT

where C1 and C; are constants, ke is the Gordon-Taylor fitting parameter, Tgsoa and Tgroo are the glass transition temperatures
of dry SOA and water, and wsoa and w0 are the weight fractions of the dry SOA and water in the particles. Derivation of
Eqg. (1) is discussed in the Supporting Information (Section S1). The weight fractions of the dry SOA and water in the particles

were determined from the RH using the following equation (Koop et al., 2011):

RH 1

Too TSO0A )

100 (+isoag; )

where i is the van’t Hoff factor and n is the number of moles of dry SOA and water in the particles. We assumed a value of 1
for the van’t Hoff factor (Koop et al., 2011) and a dry molecular weight for SOA of 175 g mol? (Huff Hartz et al., 2005).
Since the glass transition temperature of water is known (135 K) (Corti et al., 2008), the unknowns in Eq. (1) (and hence fitting
parameters) were Cy, Cy, kgt and Tgsoa. The values for these parameters retrieved by fitting the equation to the viscosity data
discussed above (using a non-linear curve fitting function in Matlab) are reported in Table S4.

As mentioned above, room temperature viscosities of a-pinene SOA as a function of RH were taken from Bateman et al.
(2015), Grayson et al. (2016), and Zhang et al. (2015). We have not included the room temperature results from Renbaum-
Wolff et al. (2013) or Hosny et al. (2016) since they only measured the viscosity of the water-soluble component of SOA,
while the other studies measured the viscosity of the total SOA (water-soluble and water-insoluble component). In addition,
we have not used the estimates of viscosity from Kidd et al. (2014) for a-pinene SOA since the uncertainties in their estimates
were too large to help constrain our parameterization. The viscosities reported by Bateman et al. (2015), Grayson et al. (2016)
and Zhang et al. (2015) are not inconsistent with most viscosities inferred from diffusion rates within a.-pinene SOA (see Fig.
S3 in Grayson et al. (2016)) (Abramson et al., 2013; Cappa and Wilson, 2011; Perraud et al., 2012; Robinson et al., 2013;
Saleh et al., 2013).
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2.2. Organic aerosol concentrations in the planetary boundary layer

To determine the conditions in the PBL when SOA concentrations are significant we used the global chemical transport model
GEOS-Chem (http://acmg.seas.harvard.edu/geos/). The version of GEOS-Chem used (v10-01) includes organic aerosol (OA)
formation from semi-volatile and intermediate organic compounds (SVOC and IVOC) (Pye and Seinfeld, 2010), plus new
aerosol production from nitrate radical oxidation of isoprene and terpenes and NOy-dependent aerosol yields from terpenes
(Pye etal., 2010). Inthis version IVOC emissions are spatially distributed based on naphthalene. To estimate SVOC emissions
we scaled the default GEOS-Chem primary organic aerosol (POA) emissions inventory by 1.27 following Pye and Seinfeld
(2010). GEOS-Chem was run at a horizontal grid resolution of 4° latitude by 4.5° longitude using GEOS-5 meteorology with
47 vertical layers with a 3-year spin-up period. Shown in Fig. 1 are the monthly averaged total organic aerosol concentration
at the surface for the months of January and July 2006. These monthly averaged total organic aerosol concentrations were
used to remove times and locations where SOA concentrations are not expected to be of major importance for climate, health
or visibility.

2.3 RH and temperature in the PBL

Information on the RH and temperature distributions in the global PBL in different seasons are also needed to assess mixing
times within SOA particles. Temperature and RH in each grid cell within the PBL were determined globally using the 6-h
averaged GEOS-5 meteorology fields and PBL heights. To determine if a grid cell was within the PBL, these PBL heights
were used. The archive provides temperature and RH at a horizontal grid resolution of 4° latitude by 4.5° longitude and 47

vertical layers.

3. Results and Discussion
3.1 Parameterization of viscosity and mixing times within a-pinene SOA particles as a function of RH and temperature.

Shown in Fig. 2a (contours) is the RH and temperature dependent parameterization for a.-pinene SOA viscosities based on
the viscosities measured at room temperature (Bateman et al., 2015; Grayson et al., 2016; Zhang et al., 2015),and low
temperature (Jarvinen et al., 2016), as well as the viscosity of water as a function of temperature (Crittenden et al., 2012). From
the viscosity parameterization, the diffusion coefficients of organic molecules within o-pinene SOA particles were calculated

using the Stokes-Einstein equation:
KT

b= ®3)

- 6mnRy

where D is the diffusion coefficient, k is the Boltzmann constant, T is temperature in Kelvin, 1 is the dynamic viscosity and
Ry is the hydrodynamic radius of the diffusing species. For the calculations, a hydrodynamic radius of 0.38 nm was used for
the diffusing organic molecules within SOA, based on an assumed molecular weight of 175 g mol™* (Huff Hartz et al., 2005),

a density of 1.3 g cm (Chen and Hopke, 2009; Saathoff et al., 2009) and spherical symmetry. The Stokes-Einstein equation
4
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should give reasonable values when the radius of the diffusing molecules is roughly the same size as the matrix molecules and
when the viscosity of the matrix is relatively small (< 400 Pa s) (Chenyakin et al., 2017; Price et al., 2016). When the viscosity
of the matrix is large (= 10° Pa s), the Stokes-Einstein equation can under predict diffusion rates of organic molecules in
organic matrices (Champion et al., 1997; Chenyakin et al., 2017; Price et al., 2016). Hence, the diffusion coefficients and
mixing times estimated here should be considered lower and upper limits, respectively.

From the diffusion coefficients, the mixing times of organic molecules within an a-pinene SOA particle were calculated with

the following equation (Shiraiwa et al., 2011):

a2
Tmix = 25 4)
4m“D

where Tmix IS the mixing time, d is the diameter of an SOA particle, and D is the diffusion coefficient estimated from Eq. (3).
For these calculations, it was assumed that the a-pinene SOA particles have a diameter of 200 nm, which is roughly the median
diameter in the volume distribution of ambient SOA-containing particles (Martin et al., 2010; Pdschl et al., 2010; Riipinen et
al., 2011). Once the mixing time has elapsed, the concentration of the diffusing molecules at the centre of the particle is within
1/e of the equilibrium concentration (Shiraiwa et al., 2011). The calculated mixing times (Fig. 2b) illustrate that, as expected,

indirect relationships exist between both mixing time and RH, as well as mixing time and temperature.

3.2 RH and temperature in the PBL

Shown in Fig. 3a and 3b are the normalized frequency counts of temperature and RH in the PBL for the months of January
and July, 2006, respectively, based on the archive of meteorological fields (GEOS-5) used in the global chemical transport
model, GEOS-Chem, v10-01. We only included grid points in our analysis if the grid points were within the PBL and the
monthly average mass concentration of total organic aerosol was > 0.5 ug m™ at the surface, based on GEOS-Chem, v10-01
(Fig. 1). In other words, we included all the grid points in a column up to the top of the PBL when determining frequency
counts if the monthly total organic aerosol concentration was > 0.5 pg m at the surface. This filtering removes cases where
SOA concentrations are not expected to be of major importance for climate, health or visibility. The normalized frequency
counts illustrate that the temperature and RH in the PBL is often in the range of 290-300 K and > 50 % RH for the month of
January (Fig. 3a) and in the range of 285-300 K and > 30 % RH for the month of July (Fig. 3b).

3.3 Mixing times of organic molecules within a-pinene SOA particles in the PBL

Also shown in Fig. 3a and 3b are the contour lines produced using our parameterization of mixing times of organics within
200 nm oa-pinene SOA particles. These results, together with the frequency counts of temperature and RH throughout the
vertical column of the PBL, indicate that the mixing time of organic molecules within a-pinene SOA is often < 1x10 h for
conditions in the PBL.

Shown in Fig. 4 are the normalized frequency distributions of mixing times within o-pinene SOA for January and July, based

on the data in Fig. 3a and 3b. Figure 4 suggests that the mixing times within a-pinene SOA is < 1 h for 94 % and 99 % of the

5
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occurrences in the PBL during January and July, respectively, when monthly average total organic aerosol concentrations were
> 0.5 ug m at the surface.

Within the PBL, RH increases and temperature decreases with altitude, with both changes being substantial and impacting
mixing times in opposite directions. Shown in Fig. 5a-c are calculated monthly average afternoon (13:00-15:00, local time)
vertical profiles of temperature, RH, and mixing times within a-pinene SOA over Hyytiala (boreal forest), and the Amazon
(rainforest) for the driest month of the year at these locations (the method used to calculate vertical profiles is described in the
Supporting Information, Section S2). Afternoon vertical profiles were chosen since this is the time of the day when RH is
typically lowest and thus mixing times are the longest. Figure 5¢ shows that mixing times within a-pinene SOA decrease
significantly with altitude for these two locations. This is because the plasticizing effect of water on viscosity dominates the
temperature effect for these conditions.

Shown in Fig. 6 are global maps of the monthly averaged mixing times of organic molecules within a-pinene SOA for
conditions at the top of the PBL for the months of January and July. Figure 6 shows that 83 % and 92 % of the locations for
January and July, respectively, have a mixing time < 0.1 h for conditions at the top of the PBL when monthly averaged total
organic aerosol surface concentrations are > 0.5 ug m. Within the PBL, vertical mixing of air masses occurs on the order of
30 min. Since the mixing times within o-pinene SOA particles for conditions at the top of the PBL are < 0.1 h for most
locations where the SOA concentrations are significant (total organic aerosol concentration > 0.5 pug m at the surface), a
reasonable upper limit to the mixing time within a-pinene SOA for most locations in the PBL is 30 min. During this 30 min
interval, mixing times within o.-pinene SOA particle can cycle between short and long values, though rarely being > 1 h (Fig.
3and 4).

3.4 Sensitivity analysis for a-pinene SOA particles in the PBL

The parameterization for the viscosity of a-pinene SOA was based on viscosity measurements from Bateman et al. (2015),
Grayson et al. (2016), Zhang et al. (2015), Jarvinen et al. (2016) and Crittenden et al. (2012). The measurements by Zhang et
al. (2015) and Grayson et al. (2016) were both carried out at room temperature and over a similar range in RH. The viscosities
reported by Zhang et al. (2015) were higher than the viscosities reported by Grayson et al. (2016) (see Table S1). As a
sensitivity analysis, we developed a second parameterization, using the same procedure as describe above, but excluding the
data from Grayson et al. (2016) in the fitting procedure. Based on this new parameterization, for January, 86 % of the
conditions in the PBL resulting in mixing times <1 h (previously 93 %) and for July, 96 % of the conditions producing mixing
times <1 h (previously 98 %) when the total organic aerosol was > 0.5 pg m?at the surface. Using this new parameterization,
we also found that the number of locations with mixing times <0.1 h decreased from 83 to 80 % and 92 to 89 % for January

and July, respectively. None of these results significantly impact the overall conclusions of the paper.
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3.5 Mixing times of organic molecules within isoprene SOA particles in the PBL

The discussion in sections 3.1-3.4 is based on SOA generated from the ozonolysis of a-pinene. Another major global source
of SOA is photo-oxidation of biogenic isoprene (Hallquist et al., 2009; Hu et al., 2015). The viscosity of isoprene SOA is
lower than the viscosity of a-pinene SOA at room temperature (Song et al., 2015). As a result, the conclusions reached above
for a-pinene SOA are likely applicable to isoprene SOA as well. A caveat to the discussion above is that the measurements of
viscosities used to generate the parameterization shown in Fig. 2a were carried out on SOA samples generated with mass
concentrations of > 70 ug m, which is higher than the concentrations of biogenic SOA in the atmosphere. Additional studies
of the viscosity of a-pinene SOA generated using lower mass loadings are needed. Additional studies are also needed to further
explore the effect of oxidation level (Ng et al., 2010), oxidant type (Pajunoja et al., 2014), and the presence of water during
oxidation on the viscosity of biogenic SOA (Kidd et al., 2014). Studies are also need to investigate the viscosity of other types
of biogenic SOA (Kanakidou et al., 2005). Nevertheless, based on the data available it is not clear that long mixing times of

SVOCs need to be included in chemical transport models when simulating SOA from biogenic sources in the global PBL.

Despite the discussion above, it is important to keep in mind that slow diffusion in biogenic SOA is likely still important in
the atmosphere for other reasons. For example, slow diffusion is likely be important for heterogeneous chemistry within
biogenic SOA in the PBL (Shiraiwa et al., 2011). Slow diffusion is also likely important when simulating the partitioning of
SVOCs into biogenic SOA in the free troposphere where both the temperature and RH are lower than in the PBL (Shiraiwa et
al., 2017).

3.6 Mixing times of organic molecules within anthropogenic SOA particles in the PBL

Recently it has been shown that the diffusion rates of organics in SOA from toluene photooxidation is slower than the diffusion
rates of organics in SOA from a-pinene ozonolysis and isoprene photooxidation at room temperature (Liu et al., 2016; Song
et al., 2016; Ye et al., 2016). These results indicate that that mixing times are longer in some types of anthropogenic SOA
than biogenic SOA, at least at room temperature. SOA derived from anthropogenic sources can be a significant contributor to
SOA over polluted regions (Hallquist et al., 2009; Spracklen et al., 2011). Viscosity or diffusion rates within toluene SOA or
other types of anthropogenic SOA has yet to be measured at temperatures lower than room temperature. As a result, we have
used sucrose as a proxy of anthropogenic SOA, since the viscosity of sucrose is similar to the viscosity of toluene SOA at
room temperature (Fig. S1) (Power and Reid, 2014; Song et al., 2016), and since a parameterization of the viscosity of sucrose
as a function of temperature and RH can be developed using literature data. In the Supporting Information (Section S3, Table
S5-S7, and Fig. S2-S5) we carried out a similar analysis for sucrose as for a-pinene SOA above. Assuming sucrose is a good
proxy for anthropogenic SOA, the analysis suggests that 70 % and 83 % of the mixing times within anthropogenic SOA in the
PBL are <1 h for January and July, respectively, when SOA concentrations are significant (total organic aerosol concentration

> 0.5 ug m* at the surface). In addition, 81 % and 87 % of the locations for January and July, respectively, have a mixing

7
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time < 0.1 h at the top of the PBL when surface concentrations of total organic aerosol are > 0.5 ug m. These percentages for
anthropogenic SOA are likely lower limits since studies have shown that the Stokes-Einstein relation (which is used here to
calculate diffusion coefficients of organic molecules from viscosities) can under predict diffusion coefficients of organic
molecules in sucrose-water mixtures by at least a factor of 10 to 100 at viscosities > 10° Pa s (Chenyakin et al., 2017; Price et
al., 2016). Measurements of diffusion rates of organic molecules within anthropogenic SOA as a function of both temperature

and RH are needed to better constrain how often mixing times are > 1 h within anthropogenic SOA in the PBL.

Competing interests: The authors declare that they have no conflict of interest.

Acknowledgments. This work was funded by the Natural Science and Engineering Research Council of Canada, DOE
(ASR/BER) DE-SC0016559 & EPA STAR 83587701-0. This manuscript has not been reviewed by EPA and thus no
endorsement should be inferred. Support from the MJ Murdock Charitable Trust (Grant 2012183) for computing infrastructure
at Portland State University is acknowledged, as well as assistance from S.J. Hanna with the Amazon temperature and humidity
data.

References

Abramson, E., Imre, D., Beranek, J., Wilson, J. and Zelenyuk, A.: Experimental determination of chemical diffusion within
secondary organic aerosol particles, Phys. Chem. Chem. Phys., 15(8), 2983-2991, d0i:10.1039/C2CP44013J, 2013.
Bateman, A. P., Bertram, A. K. and Martin, S. T.: Hygroscopic Influence on the Semisolid-to-Liquid Transition of Secondary
Organic Materials, J. Phys. Chem. A, 119(19), 4386-4395, d0i:10.1021/jp508521c, 2015.

Cappa, C. D. and Wilson, K. R.: Evolution of organic aerosol mass spectra upon heating: implications for OA phase and
partitioning behavior, Atmos. Chem. Phys., 11(5), 1895-1911, doi:10.5194/acp-11-1895-2011, 2011.

Champion, D., Hervet, H., Blond, G., LeMeste, M. and Simatos, D.: Translational diffusion in sucrose solutions in the vicinity
of their glass transition temperature, J. Phys. Chem. B, 101(50), 10674-10679, doi:10.1021/jp971899i, 1997.

Chen, X. and Hopke, P. K.: Secondary organic aerosol from a-pinene ozonolysis in dynamic chamber system, Indoor Air,
19(4), 335-345, doi:10.1111/j.1600-0668.2009.00596.x, 2009.

Chenyakin, Y., Ullmann, D. A., Evoy, E., Renbaum-Wolff, L., Kamal, S. and Bertram, A. K.: Diffusion coefficients of organic
molecules in sucrose-water solutions and comparison with Stokes-Einstein predictions, Atmos. Chem. Phys., 17(3), 2423—
2435, doi:10.5194/acp-2016-740, 2017.

Corti, H. R., Frank, G. A. and Marconi, M. C.: An Alternate Solution of Fluorescence Recovery Kinetics after Spot-Bleaching
for Measuring Diffusion Coefficients. 2. Diffusion of Fluorescein in Aqueous Sucrose Solutions, J. Solution Chem., 37(11),
1593-1608, doi:10.1007/s10953-008-9329-4, 2008.



10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017-247, 2017 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 27 March 2017 and Physics
(© Author(s) 2017. CC-BY 3.0 License.

Discussions

Crittenden, J. C., Trussel, R. R., Hand, D. W., Howe, K. J. and Tchobanoglous, G.: MWH’s Water Treatment, John Wiley and
Sons., 2012,

Ervens, B., Turpin, B. J. and Weber, R. J.: Secondary organic aerosol formation in cloud droplets and aqueous particles
(aqSOA): a review of laboratory, field and model studies, Atmos. Chem. Phys., 11(21), 11069-11102, doi:10.5194/acp-11-
11069-2011, 2011.

Grayson, J. W., Zhang, Y., Mutzel, A., Renbaum-Wolff, L., Boege, O., Kamal, S., Herrmann, H., Martin, S. T. and Bertram,
A. K.: Effect of varying experimental conditions on the viscosity of alpha-pinene derived secondary organic material, Atmos.
Chem. Phys., 16(10), 6027-6040, doi:10.5194/acp-16-6027-2016, 2016.

Hallquist, M., Wenger, J. C., Baltensperger, U., Rudich, Y., Simpson, D., Claeys, M., Dommen, J., Donahue, N. M., George,
C., Goldstein, A. H., Hamilton, J. F., Herrmann, H., Hoffmann, T., linuma, Y., Jang, M., Jenkin, M. E., Jimenez, J. L., Kiendler-
Scharr, A., Maenhaut, W., McFiggans, G., Mentel, T. F., Monod, A., Prevot, A. S. H., Seinfeld, J. H., Surratt, J. D., Szmigielski,
R. and Wildt, J.: The formation, properties and impact of secondary organic aerosol: current and emerging issues, Atmos.
Chem. Phys., 9(14), 5155-5236, 2009.

Heald, C. L., Coe, H., Jimenez, J. L., Weber, R. J., Bahreini, R., Middlebrook, A. M., Russell, L. M., Jolleys, M., Fu, T. M.,
Allan, J. D., Bower, K. N., Capes, G., Crosier, J., Morgan, W. T., Robinson, N. H., Williams, P. I., Cubison, M. J., Decarlo,
P. F. and Dunlea, E. J.: Exploring the vertical profile of atmospheric organic aerosol: Comparing 17 aircraft field campaigns
with a global model, Atmos. Chem. Phys., 11(24), 12676-12696, doi:10.5194/acp-11-12673-2011, 2011.

Hosny, N. A., Fitzgerald, C., Vysniauskas, A., Athanasiadis, A., Berkemeier, T., Uygur, N., Péschl, U., Shiraiwa, M., Kalberer,
M., Pope, F. D. and Kuimova, M. K.: Direct imaging of changes in aerosol particle viscosity upon hydration and chemical
aging, Chem. Sci., 7(2), 1357-1367, doi:10.1039/C5SC02959G, 2016.

Hu, W. W., Campuzano-Jost, P., Palm, B. B., Day, D. A., Ortega, A. M., Hayes, P. L., Krechmer, J. E., Chen, Q., Kuwata, M.,
Liu, Y. J., De S4, S. S., McKinney, K., Martin, S. T., Hu, M., Budisulistiorini, S. H., Riva, M., Surratt, J. D., St. Clair, J. M.,
Isaacman-Van Wertz, G., Yee, L. D., Goldstein, A. H., Carbone, S., Brito, J., Artaxo, P., De Gouw, J. A., Koss, A., Wisthaler,
A., Mikoviny, T., Karl, T., Kaser, L., Jud, W., Hansel, A., Docherty, K. S., Alexander, M. L., Robinson, N. H., Coe, H., Allan,
J. D., Canagaratna, M. R., Paulot, F. and Jimenez, J. L.: Characterization of a real-time tracer for isoprene epoxydiols-derived
secondary organic aerosol (IEPOX-SOA) from aerosol mass spectrometer measurements, Atmos. Chem. Phys., 15(20),
11807-11833, doi:10.5194/acp-15-11807-2015, 2015.

Huff Hartz, K. E., Rosengrn, T., Ferchak, S. R., Raymond, T. M., Bilde, M., Donahue, N. M. and Pandis, S. N.: Cloud
condensation nuclei activation of monoterpene and sesquiterpene secondary organic aerosol, J. Geophys. Res. D Atmos.,
110(14), 1-8, d0i:10.1029/2004JD005754, 2005.

Jarvinen, E., Ignatius, K., Nichman, L., Kristensen, T. B., Fuchs, C., Hoyle, C. R., Hoppel, N., Corbin, J. C., Craven, J.,
Duplissy, J., Ehrhart, S., El Haddad, 1., Frege, C., Gordon, H., Jokinen, T., Kallinger, P., Kirkby, J., Kiselev, A., Naumann, K.
H., Petdja, T., Pinterich, T., Prevot, A. S. H., Saathoff, H., Schiebel, T., Sengupta, K., Simon, M., Slowik, J. G., Trostl, J.,
Virtanen, A., Vochezer, P., Vogt, S., Wagner, A. C., Wagner, R., Williamson, C., Winkler, P. M., Yan, C., Baltensperger, U.,

9



10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017-247, 2017 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 27 March 2017 and Physics
(© Author(s) 2017. CC-BY 3.0 License.

Discussions

Donahue, N. M., Flagan, R. C., Gallagher, M., Hansel, A., Kulmala, M., Stratmann, F., Worsnop, D. R., Méhler, O., Leisner,
T. and Schnaiter, M.: Observation of viscosity transition in a-pinene secondary organic aerosol, Atmos. Chem. Phys., 16(7),
4423-4438, doi:10.5194/acp-16-4423-2016, 2016.

Kanakidou, M., Seinfeld, J. H., Pandis, S. N., Barnes, I., Dentener, F. J., Facchini, M. C., Van Dingenen, R., Ervens, B., Nenes,
A., Nielsen, C. J., Swietlicki, E., Putaud, J. P., Balkanski, Y., Fuzzi, S., Horth, J., Moortgat, G. K., Winterhalter, R., Myhre,
C. E. L., Tsigaridis, K., Vignati, E., Stephanou, E. G. and Wilson, J.: Organic aerosol and global climate modelling: a review,
Atmos. Chem. Phys., 5, 1053-1123, 2005.

Kidd, C., Perraud, V., Wingen, L. M. and Finlayson-Pitts, B. J.: Integrating phase and composition of secondary organic
aerosol from the ozonolysis of alpha-pinene, Proc. Natl. Acad. Sci. U. S. A, 111(21), 7552-7557,
d0i:10.1073/pnas.1322558111, 2014.

Koop, T., Bookhold, J., Shiraiwa, M. and Péschl, U.: Glass transition and phase state of organic compounds: dependency on
molecular properties and implications for secondary organic aerosols in the atmosphere, Phys. Chem. Chem. Phys., 13(43),
19238-19255, doi:10.1039/c1cp22617g, 2011.

Liu, P, Li, Y. J., Wang, Y., Gilles, M. K., Zaveri, R. A., Bertram, A. K. and Martin, S. T.: Lability of secondary organic
particulate matter., Proc. Natl. Acad. Sci. U. S. A., 113(45), 1264312648, doi:10.1073/pnas.1603138113, 2016.

Martin, S. T., Andreae, M. O., Althausen, D., Artaxo, P., Baars, H., Borrmann, S., Chen, Q., Farmer, D. K., Guenther, A.,
Gunthe, S. S., Jimenez, J. L., Karl, T., Longo, K., Manzi, A., Miller, T., Pauliquevis, T., Petters, M. D., Prenni, A. J., Pdschl,
U., Rizzo, L. V., Schneider, J., Smith, J. N., Swietlicki, E., Tota, J., Wang, J., Wiedensohler, A. and Zorn, S. R.: An overview
of the Amazonian Aerosol Characterization Experiment 2008 (AMAZE-08), Atmos. Chem. Phys., 10(23), 11415-11438,
d0i:10.5194/acp-10-11415-2010, 2010.

Ng, N. L., Canagaratna, M. R., Zhang, Q., Jimenez, J. L., Tian, J., Ulbrich, I. M., Kroll, J. H., Docherty, K. S., Chhabra, P. S,
Bahreini, R., Murphy, S. M., Seinfeld, J. H., Hildebrandt, L., Donahue, N. M., Decarlo, P. F., Lanz, V. A., Prévét, A. S. H.,
Dinar, E., Rudich, Y. and Worsnop, D. R.: Organic aerosol components observed in Northern Hemispheric datasets from
Aerosol Mass Spectrometry, Atmos. Chem. Phys., 10(10), 4625-4641, doi:10.5194/acp-10-4625-2010, 2010.

Pajunoja, A., Malila, J., Hao, L., Joutsensaari, J., Lehtinen, K. E. J. and Virtanen, A.: Estimating the Viscosity Range of SOA
Particles Based on Their Coalescence Time, Aerosol Sci. Technol., 48(August 2016), i-iv,
doi:10.1080/02786826.2013.870325, 2014.

Pathak, R. K., Stanier, C. O., Donahue, N. M. and Pandis, S. N.: Ozonolysis of alpha-pinene at atmospherically relevant
concentrations: Temperature dependence of aerosol mass fractions (yields), J. Geophys. Res. Atmos., 112(3), 1-8,
d0i:10.1029/2006JD007436, 2007.

Perraud, V., Bruns, E. A, Ezell, M. J., Johnson, S. N., Yu, Y., Alexander, M. L., Zelenyuk, A., Imre, D., Chang, W. L.,
Dabdub, D., Pankow, J. F. and Finlayson-Pitts, B. J.: Nonequilibrium atmospheric secondary organic aerosol formation and
growth, Proc. Natl. Acad. Sci. U. S. A., 109(8), 28362841, doi:10.1073/pnas.1119909109, 2012.

Pdschl, U., Martin, S. T., Sinha, B., Chen, Q., Gunthe, S. S., Huffman, J. A., Borrmann, S., Farmer, D. K., Garland, R. M.,

10



10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017-247, 2017 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 27 March 2017 and Physics
(© Author(s) 2017. CC-BY 3.0 License.

Discussions

Helas, G., Jimenez, J. L., King, S. M., Manzi, A., Mikhailov, E., Pauliquevis, T., Petters, M. D., Prenni, A. J., Roldin, P., Rose,
D., Schneider, J., Su, H., Zorn, S. R., Artaxo, P. and Andreae, M. O.: Rainforest aerosols as biogenic nuclei of clouds and
precipitation in the Amazon., Science, 329(5998), 1513-6, doi:10.1126/science.1191056, 2010.

Power, R. M. and Reid, J. P.: Probing the micro-rheological properties of aerosol particles using optical tweezers, Reports
Prog. Phys., 77(7), doi:10.1088/0034-4885/77/7/074601, 2014.

Price, H. C., Mattsson, J. and Murray, B. J.: Sucrose diffusion in aqueous solution, Phys. Chem. Chem. Phys., 18(28), 19207—
19216, doi:10.1039/C6CP03238A, 2016.

Pye, H. O. T. and Seinfeld, J. H.: A global perspective on aerosol from low-volatility organic compounds, Atmos. Chem.
Phys., 10(9), 4377-4401, doi:10.5194/acp-10-4377-2010, 2010.

Pye, H. O. T., Chan, A. W. H., Barkley, M. P. and Seinfeld, J. H.: Global modeling of organic aerosol: The importance of
reactive nitrogen (NOx and NO3), Atmos. Chem. Phys., 10(22), 11261-11276, doi:10.5194/acp-10-11261-2010, 2010.
Renbaum-Wolff, L., Grayson, J. W., Bateman, A. P., Kuwata, M., Sellier, M., Murray, B. J., Shilling, J. E., Martin, S. T. and
Bertram, A. K.: Viscosity of alpha-pinene secondary organic material and implications for particle growth and reactivity, Proc.
Natl. Acad. Sci. U. S. A., 110(20), 8014-8019, doi:10.1073/pnas.1219548110, 2013.

Riipinen, 1., Pierce, J. R., Yli-Juuti, T., Nieminen, T., Hakkinen, S., Ehn, M., Junninen, H., Lehtipalo, K., Petaja, T., Slowik,
J., Chang, R., Shantz, N. C., Abbatt, J., Leaitch, W. R., Kerminen, V. M., Worsnop, D. R., Pandis, S. N., Donahue, N. M. and
Kulmala, M.: Organic condensation: a vital link connecting aerosol formation to cloud condensation nuclei (CCN)
concentrations, Atmos. Chem. Phys., 11(8), 3865-3878, doi:10.5194/acp-11-3865-2011, 2011.

Robinson, E. S., Saleh, R. and Donahue, N. M.: Organic Aerosol Mixing Observed by Single-Particle Mass Spectrometry, J.
Phys. Chem. A, 117(51), 13935-13945, doi:10.1021/jp405789t, 2013.

Saathoff, H., Naumann, K.-H., Moehler, O., Jonsson, A. M., Hallquist, M., Kiendler-Scharr, A., Mentel, T. F., Tillmann, R.
and Schurath, U.: Temperature dependence of yields of secondary organic aerosols from the ozonolysis of alpha-pinene and
limonene, Atmos. Chem. Phys., 9(5), 1551-1577, doi:10.5194/acp-9-1551-2009, 2009.

Saleh, R., Donahue, N. M. and Robinson, A. L.: Time Scales for Gas-Particle Partitioning Equilibration of Secondary Organic
Aerosol Formed from Alpha-Pinene Ozonolysis, Environ. Sci. Technol., 47(11), 5588-5594, doi:10.1021/es400078d, 2013.
Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry and Physics, 2nd Ed., John Wiley and Sons, Hoboken, NJ., 2006.
Shiraiwa, M. and Seinfeld, J. H.: Equilibration timescale of atmospheric secondary organic aerosol partitioning, Geophys. Res.
Lett., 39, doi:10.1029/2012g1054008, 2012.

Shiraiwa, M., Ammann, M., Koop, T. and Poschl, U.: Gas uptake and chemical aging of semisolid organic aerosol particles,
Proc. Natl. Acad. Sci. U. S. A., 108(27), 11003-11008, doi:10.1073/pnas.1103045108, 2011.

Shiraiwa, M., Li, Y., Tsimpidi, A. P., Karydis, V. A., Berkemeier, T., Pandis, S. N., Lelieveld, J., Koop, T. and Pdschl, U.:
Global distribution of particle phase state in atmospheric secondary organic aerosols, Nat. Commun., Accepted,
doi:10.1038/ncomms15002, 2017.

Song, M., Liu, P. F., Hanna, S. J., Li, Y. J., Martin, S. T. and Bertram, A. K.: Relative humidity-dependent viscosities of

11



10

15

20

25

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017-247, 2017 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 27 March 2017 and Physics
(© Author(s) 2017. CC-BY 3.0 License.

Discussions

isoprene-derived secondary organic material and atmospheric implications for isoprene-dominant forests, Atmos. Chem. Phys.,
15(9), 5145-5159, doi:10.5194/acp-15-5145-2015, 2015.

Song, M. J., Liu, P. F. F., Hanna, S. J., Zaveri, R. A., Potter, K., You, Y., Martin, S. T. and Bertram, A. K.: Relative humidity-
dependent viscosity of secondary organic material from toluene photo-oxidation and possible implications for organic
particulate matter over megacities, Atmos. Chem. Phys., 16(14), 8817-8830, doi:10.5194/acp-16-8817-2016, 2016.
Spracklen, D. V, Jimenez, J. L., Carslaw, K. S., Worsnop, D. R., Evans, M. J., Mann, G. W., Zhang, Q., Canagaratna, M. R.,
Allan, J., Coe, H., McFiggans, G., Rap, A. and Forster, P.: Aerosol mass spectrometer constraint on the global secondary
organic aerosol budget, Atmos. Chem. Phys., 11(23), 12109-12136, doi:10.5194/acp-11-12109-2011, 2011.

Wagner, N. L., Brock, C. A., Angevine, W. M., Beyersdorf, A., Campuzano-Jost, P., Day, D., De Gouw, J. A,, Diskin, G. S.,
Gordon, T. D., Graus, M. G., Holloway, J. S., Huey, G., Jimenez, J. L., Lack, D. A., Liao, J., Liu, X., Markovic, M. Z.,
Middlebrook, A. M., Mikoviny, T., Peischl, J., Perring, A. E., Richardson, M. S., Ryerson, T. B., Schwarz, J. P., Warneke, C.,
Welti, A., Wisthaler, A., Ziemba, L. D. and Murphy, D. M.: In situ vertical profiles of aerosol extinction, mass, and
composition over the southeast United States during SENEX and SEAC 4 RS: observations of a modest aerosol enhancement
aloft, Atmos. Chem. Phys, 15, 7085-7102, doi:10.5194/acp-15-7085-2015, 2015.

Wallace, J. M. and Hobbs, P. V: Atmospheric Science: An Introductory Survery, Academic Press, Burlington , MA., 2006.
Ye, Q., Robinson, E. S., Ding, X., Ye, P., Sullivan, R. C. and Donahue, N. M.: Mixing of secondary organic aerosols versus
relative humidity, Proc. Natl. Acad. Sci., 113(45), 12649-12654, d0i:10.1073/pnas.1604536113, 2016.

Zaveri, R. A, Easter, R. C., Shilling, J. E. and Seinfeld, J. H.: Modeling kinetic partitioning of secondary organic aerosol and
size distribution dynamics: representing effects of volatility, phase state, and particle-phase reaction, Atmos. Chem. Phys.,
14(10), 5153-5181, doi:10.5194/acp-14-5153-2014, 2014.

Zhang, Y., Sanchez, M. S., Douet, C., Wang, Y., Bateman, A. P., Gong, Z., Kuwata, M., Renbaum-Wolff, L., Sato, B. B., Liu,
P. F., Bertram, A. K., Geiger, F. M. and Martin, S. T.: Changing shapes and implied viscosities of suspended submicron
particles, Atmos. Chem. Phys., 15(14), 7819-7829, doi:10.5194/acp-15-7819-2015, 2015.

Zobrist, B., Marcolli, C., Pedernera, D. A. and Koop, T.: Do atmospheric aerosols form glasses?, Atmos. Chem. Phys., 8(17),
5221-5244, 2008.

12



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017-247, 2017 Atmospheric

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 27 March 2017 and Physics
(© Author(s) 2017. CC-BY 3.0 License. Discussions

Figures

Concentration
(ug m*)

@

0.5

Latitude
o

0.05

-180 -120 -60 0 60 120 180

Longitude Concentration
3

(ug m”)

(b)

0.5

Latitude

0.05

-90 L L L L
-180 -120 -60 0 60 120 180
Longitude

Figure 1. Total organic aerosol concentrations (color scale) at the Earth’s surface in (a) January and (b) July, as calculated

using GEOS-Chem.
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Figure 2. Plot of RH vs temperature with contour lines representing (a) our viscosity parameterization for a-pinene SOA
particles and (b) mixing times calculated for organic molecules with 200 nm diameter a-pinene SOA particles. The symbols
in (a) represent the laboratory data used to develop the parameterization: squares represent the water viscosities from Crittenden
et al. (2012); triangles represent the viscosity data of a-pinene SOA from Jérvinen et al. (2016); circles represent the viscosity
data from Zhang et al. (2015), and the stars and pentagons represent the viscosity data from Grayson et al. (2016) measuring

using SOA concentrations of 121 and 520 ug m- respectively. The 520 ug m- data from Grayson et al. (2016) was offset by

5 K to improve visibility.
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Figure 3. Six-hour normalized frequency counts of temperature and RH in the planetary boundary layer (PBL) (color scale)
together with the mixing times for organic molecules within 200 nm a-pinene SOA particles (contours). Panel A shows the
conditions for January and panel B shows the conditions for July. Mixing times (contours) are reported in hours. Frequency
counts in the PBL were only included for the conditions where the mass concentration of total organic aerosol was > 0.5 pg
m-3 at the surface.
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Figure 4. Normalized frequency distributions of mixing times within a-pinene SOA in the planetary boundary layer (PBL).
Black symbols correspond to January and red symbols corresponds to July. Frequency counts in the PBL were only included

for the conditions where the mass concentration of total organic aerosol was > 0.5 pg m at the surface.
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Figure 5. Temperature, RH and estimated mixing times for a-pinene SOA as a function of altitude for Hyytiéla (boreal forest)

and the Amazon (rainforest). The temperature and RH at ground level are the average afternoon values in the driest month of

the year for the respective locations. The vertical profiles of temperature and RH are plotted until the RH is 100 % for these

locations. The height at which RH reaches 100 % is only slightly lower than the average height of the planetary boundary
10 layer predicted by GEOS-5 meteorology data. For details see the Supporting Information, Section S2.
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Figure 6. Mixing times of organic molecules within 200 nm a-pinene SOA particles at the top of the planetary boundary layer
as a function of latitudes and longitudes in (a) January and (b) July. The color scale represents mixing times and the yellow

5 contours illustrate when the concentration of total organic aerosols is > or < 0.5 ug m.
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