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The impact of the Teflon reactor wall on secondary organic aerosol (SOA) formation was explicitly simulated by
using the Unified Partitioning Aerosol Phase Reaction (UNIPAR) model integrated with gas-wall partitioning
(GWP). The formation of oxygenated semivolatile organic compounds (SVOCs) from the photooxidation of hy-
drocarbons (HC) was simulated by using an explicit gas-kinetic mechanism (MCM V3.3.1). In the model, SVOC's
GWP and gas-particle partitioning onto preexisting particulate matter were kinetically treated with the absorp-
tion and desorption processes. The UNIPAR model streamlined aerosol growth via the oligomerization of reactive
SVOCs in the organic phase and aqueous reactions in the inorganic phase. Two important GWP parameters, GWP
coefficient (Ky, ;) and the deposition rate constant (k_on,, ;) of SVOCs (i) to the wall were predicted by using a
quantitative structure activity relationship (QSAR) employing SVOCs' physicochemical descriptors. This GWP
model was then incorporated with the UNIPAR model in the DSMACC-KPP platform and simulated SOA chamber
data. The three different HCs (toluene, 1,3,5-trimethylbenzene, and c-pinene) were photochemically oxidized in
the presence of NOy and inorganic seed aerosols in an outdoor photochemical smog chamber (UF-APHOR). The
impact of GWP on SOA mass varied ranging from 9% to 71% with HCs, seed conditions, NOy, and temperature. Tol-
uene SOA in the absence of inorganic aerosol was the most sensitive to GWP. However, in the presence of wet-
inorganic seed, the impact of GWP on SOA was smaller than that of non-seed SOA owing to rapid reactions of
organic species in the aqueous phase. SOA mass can be significantly underestimated in the absence of wet-
inorganic seed when the aerosol model employs parameters derived using SOA data with GWP artifacts.
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1. Introduction

Secondary Organic Aerosol (SOA), formed by oxidation of hydrocar-
bons (HCs), accounts for a significant fraction (ranging from 20% to 90%)
of organic aerosol in the ambient air (Hallquist et al., 2009; Tsigaridis
et al., 2014). This SOA can considerably influence climate (Seinfeld
and Pandis, 2016) and human health (Cohen et al., 2017; Poschl,
2005). Thus, models to estimate the SOA burden in regional and global
scales has been developed (Carlton et al., 2009; Tsigaridis et al., 2014;
Barsanti et al., 2017). SOA model parameters are typically derived
based on observed data using laboratory studies. However, the pre-
dicted SOA mass in the regional scale has been underestimated com-
pared to field data (Ensberg et al., 2014; Tsigaridis et al., 2014). For
example, the Community Multi-scale Air Quality Model (CMAQ) tends
to underestimate SOA mass, particularly during summer seasons
(Appel etal.,, 2017; Zhang et al.,, 2014a). Missing precursors and reaction
mechanisms have been suggested as main reasons for the low predicted
SOA mass (Barsanti et al., 2013). For the last two decades, a significant
effort has been placed on studies of aerosol phase chemistry to identify
missing SOA formation mechanisms. For example, the formation of non-
volatile oligomers in the aerosol phase is known to significantly attri-
bute to SOA production. Thus, the addition of in-particle chemistry
into SOA models has been attempted in several aerosol models (Jang
et al.,, 2002; McNeill et al., 2012; Beardsley and Jang, 2016; Im et al.,
2014). Additionally, the autoxidation pathway in gas mechanisms has
recently been reported to form condensable high molecular weight
products in terpene SOA (Bianchi et al., 2019).

Gas-Wall Partitioning (GWP) of semivolatile organic compounds
(SVOCs) to the reactor surface can compete with gas-particle
partitioning and lead to the negative bias of the SOA formation. For ex-
ample, Matsunaga and Ziemann reported that 3-57% of total concentra-
tion of n-alkanes and 1-alkenes was deposited to the chamber wall
(Matsunaga and Ziemann, 2010). The study of GWP has been extended
to various functionalities, such as alcohols, mono-carboxylic acids, multi
alcohols, alkylnitrates, and hydroxy nitrates (Krechmer et al., 2016; Yeh
and Ziemann, 2014, 2015). The observations from these chamber stud-
ies showed that 1% to 97% of total SVOCs were able to partition to the re-
actor wall. In order to predict GWP, vapor pressure of SVOCs (i) or vapor
saturation concentration were typically used. However, SVOC's GWP is
also influenced by the activity coefficient (7, ;) of SVOC in organic mat-
ter (OM,yqn) on the surface of the chamber wall. The y,,, ; value is set to
unit (one) in most of the GWP model. However, v, ; can vary depending
on the chemical properties (i.e., polarity and molecular size) of SVOCs
and influence on the GWP coefficient of i (K,y, ;) (Huang et al., 2018;
Krechmer et al., 2016). In our recent study, the explicit-structure
based GWP model was attempted by the quantitative structure-
activity relationship (QSAR) for the prediction of K, ; and the absorp-
tion rate constant (k_on,, ;) (Han et al,, 2019). To predict K, ; and
k_on,, ;, a polynomial equation was semiempirically derived by fitting
the coefficients of physicochemical parameter terms for various SVOCs
to chamber data (n-alkanes, aliphatic alcohols, carboxylic acids, alde-
hydes, phenols, ketones) under different relative humidity (RH) condi-
tions (RH: 40-75%).

The preexisting SOA models based on partitioning use two surrogate
products (Odum et al, 1996) or several semivolatile surrogates
(e.g., VBS) (Donahue et al., 2006) with semi-empirical parameters
(mass-based stoichiometric coefficient and gas-particle partitioning co-
efficient) for a given HC system. Due to its simplicity and efficiency, the
two-product model has been widely used in regional and global models
(Carlton et al., 2009; Volkamer et al., 2006; Barsanti et al., 2017). Never-
theless, the two-product model and its predecessors are limited in their
ability to predict SOA formation from GWP, which needs to be explicitly
predicted based on the chemical properties of oxidized products. To
date, only a few studies attempted to explicitly predict the impact of
GWP on SOA mass considering SVOC's chemical structure. For example,
(La et al., 2016) explicitly simulated the GWP and applied it to the

prediction of SOA mass from the photooxidation of alkanes and
aliphatic-alkenes utilizing the Generator for Explicit Chemistry and Ki-
netics of the Organics in the Atmosphere (GECKO-A) model. Their
model evaluated that the SOA yields can be underestimated by more
than 50% due to the GWP bias. Zhang's study reported that the signifi-
cance of the GWP factor on SOA mass ranged from 1.1 to 4.2 utilizing
the statistical oxidation model (SOM), which simulated the kinetic pro-
cess of hydrocarbon. (Zhang et al., 2014b). In SOM, the GWP was dy-
namically modeled with the empirical GWP parameters (i.e., OM,yqy,
vapor-wall deposition rate constant, and vapor saturation concentra-
tion) obtained from chamber studies. Cappa et al. corrected the SOM
for GWP at two different levels and integrated it into the UCD/CIT
chemical-transport model for the SOA mass prediction at the regional
scale (Cappa et al., 2016). However, the uncertainty of the prediction
of SOA mass was significant owing to a large variation in GWP. For ex-
ample, the predicted SOA mass substantially increased by factors of
~2-5 for the low and ~ 5-10 for the high GWP scenarios.

Moreover, aerosol phase reactions of organic products are important
pathways to form SOA because they yield nonvolatile oligomeric mat-
ter. The formation of oligomeric matter is further accelerated by an
acid-catalyst such as sulfuric acid in the presence of wet inorganic
seed aerosol (Beardsley and Jang, 2016; Hallquist et al., 2009; Im et al.,
2014; Jang et al., 2002; Tolocka et al., 2004; Zhou et al., 2019). However,
typical partitioning-based SOA models are limited in their ability to pre-
dict SOA formation from in-particle chemistry in the presence of the in-
organic aqueous phase due to the loss of individual product structures,
which determine SVOC's reactivity in the aerosol phase. To accurately
predict SOA formation via multiphase reactions without GWP artifacts,
the development of a state-of-the-art science model that uses the ex-
plicit structure of oxygenated products originating from gas-phase oxi-
dation of HCs is necessary. The Unified Partitioning Aerosol Phase
Reaction (UNIPAR) model was semi-empirically developed, and simu-
lated the SOA formation via multiphase processes such as gas oxidation,
gas-particle partitioning, and aerosol phase reaction (Beardsley and
Jang, 2016; Im et al., 2014; Zhou et al., 2019). The UNIPAR model explic-
itly treated gas-phase oxidation as a kinetic mechanism (MCM v.3.3.1)
(Jenkin et al., 2012). The UNIPAR model employs a lumping structure
based on the volatility of the oxidized products and reactivity in the
aerosol phase reaction and predicts the SOA formation while accounting
for the mass balance-based gas-partitioning and in-particle chemistry
to form oligomers.

In this study, the UNIPAR-GWP model was newly developed by cou-
pling the UNIPAR model with the QSAR based GWP model to predict
SOA mass without the wall artifacts. In the model, partitioning of gas-
eous oxygenated compounds in multiphase (including the gas phase,
organic aerosol phase, inorganic aerosol phase, and the wall phase)
was explicitly treated using the kinetic process. The dynamically pre-
dicted concentrations of oxidized products in each phase were applied
to gas phase aging of products and heterogeneous reactions in the aero-
sol phase. The UNIPAR-GWP model was evaluated by comparing the
predicted SOA mass with the observed SOA created from three different
hydrocarbons (toluene, 1,3,5-trimethylbenzene, and a-pinene) in the
presence of NOy using a large outdoor photochemical reactor. The
UNIPAR-GWP model contributions to a more in-depth understanding
of the impact of the reactor wall on SOA production are as follows.
(1) Owing to the inclusion of both GWP and aerosol phase reaction
modules, the SOA formation via aqueous phase reaction was evaluated
without GWP bias. (2) The sensitivity of SOA formation to the major
SOA model variables (temperature, RH, NOy levels, and type of seed)
was studied in the absence of GWP bias. (3) The significance of SVOC's
major pathways, such as GWP, gas-particle partitioning, and aerosol
phase reactions was evaluated. (4) The model of this study enabled
in-depth understanding of chamber specific parameters (i.e., surface
area to volume (A/V) ratio of the chamber and OM,,;;) for SOA forma-
tion. The resulting model of this study will allow to predict the impact
of GWP on different chambers. Ultimately, the study using UNIPAR-
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GWP will permit the improvement of predictions of SOA burdens in re-
gional scales.

2. Experimental section

The chamber experiments to produce the GWP model and SOA for-
mation were conducted in the University of Florida Atmospheric PHoto-
chemical Outdoor Reactor (UF-APHOR) chamber located on the rooftop
of Black Hall (29.64, —82.34) at the University of Florida, Gainesville,
Florida. The configuration of the UF-APHOR and the experimental pro-
cedure were reported in previous studies (Beardsley and Jang, 2016;
Im et al., 2014; Zhou et al., 2019) in detail.

2.1. Chamber experiments to develop the GWP model

In order to predict GWP, the estimation of both K,,, ; and k_on,, ; are
essential (see Section 3.1). The detail information about the chamber
experiments to develop GWP model is described in Section S1 of sup-
plementary. Supplementary table S1 summarizes the experimental con-
ditions of the chamber experiments using the UF-APHOR chamber to
develop the GWP model. The predictive models for K, ; and k_on,, ;
for various SVOCs (listed in Table S2) are semiempirically obtained
based on the time series measurements of gas phase SVOCs. The relative
humidity (RH) was controlled at three different levels (40-53, 75, 85)
during the chamber experiments to develop an RH-dependent GWP
model. The detailed information of the chemical injection and the
workup procedure for chemical analysis of gaseous SVOCs is in our pre-
vious study (Han et al,, 2019) and is described in the Section S1.1 of sup-
plementary. In brief, GWP experiments were performed during the
nighttime to avoid any photochemical reaction. The cocktail of SVOCs
was introduced to the chamber and the SVOC vapor was sampled 13
times during the experiment using a 40-cm 5-channel annular denuder
coated with XAD-4 resin powder (Gundel et al., 1995; Leach et al.,
1999). The gas chromatography/mass spectrometer (GC/MS) (Varian
3800/2000 GC/MS, Palo Alto, CA, USA) was used to analyze the concen-
tration of each SVOC compound in the solvent extracted samples. The
scanning mobility particle sizer (SMPS, TSI 3080, Shoreview, MN, USA)
and a condensation particle counter (CPC, TSI 3022A, Shoreview, MN,
USA) sampled the particle concentration during the experiment to en-
sure that there was no particle formation during the experiment.

2.2. Chamber experiments to form SOA

SOA was produced from the photooxidation of three different hy-
drocarbons (toluene (Tol), 1,3,5-trimethylbenzene (TMB), and o-
pinene (AP)) in the presence of NOy in the UF-APHOR (Table 1) under
ambient sunlight. The experiments began at sunrise and were con-
ducted for 12 h. The in situ measurement of HCs, trace gases (0Os, SO,
and NOy), inorganic ions, and organic carbon (OC) of particles was mon-
itored, as well as meteorological factors (i.e., relative humidity; temper-
ature; and ultraviolet radiation) in the UF-APHOR. Aerosol acidity (mol/
L of aerosol) is monitored using colorimetry integrated with the reflec-
tance UV-visible spectrometer (C-RUV) technique (Li et al., 2016; Jang
et al.,, 2020). In order to investigate the NOy effect on SOA formation,
two different NOy levels (high-NOy: HC/NOy (ppbC/ppb) < 5.5; low-
NO,: HC/NOy (ppbC/ppb) > 5.5) were applied. Several sets of experi-
ments were conducted with electrolytic seed aerosols (i.e., sulfuric
acid, SA; or wet ammonium sulfate, wAS) to evaluate the wet-seed ef-
fect on the SOA formation. HONO was additionally injected into the tol-
uene SOA system as a reaction initiator. The ratio of organic matter
(OM) to OC was experimentally determined as 1.9 (Zhou et al., 2019)
and 1.7 (from experiment on 8/28/2019) for the aromatic and terpene
systems, respectively.

3. Model descriptions

Fig. 1 illustrates the overall structure of the UNIPAR-GWP model. In
this model, QSAR based GWP was integrated into the UNIPAR model.
The concentration of oxygenated products originating from oxidation
of HCs is explicitly predicted by using MCM (v.3.3.1) (Jenkin et al.,
2012). The multiphase partitioning of organic products between the
gas phase, organic aerosol phase, inorganic aerosol phase, and the wall
phase were kinetically treated by using the absorption and desorption
rate constants. UNIPAR also processes the heterogeneous reactions of
organic compounds partitioned in the organic aerosol phase and aque-
ous reactions in the inorganic aerosol phase. The aqueous reactions of
organic compounds can also be accelerated by an acid catalyst.

3.1. GWP model
The GWP of SVOCs (i) is treated as deposition-evaporation kinetics

in the model. This partitioning process of i into organic matter on the
Teflon wall (OM,,q) can be expressed as:

k_on,,;

SVOCg; ="' SVOC,; (1)
ko wi

SVOC,; ="' SVOCy; )

in which k_on,,; and k_off,,; are deposition rate constant and evapora-
tion rate constant of i, respectively. GWP is assumed as a partitioning
process of gaseous SVOCs into OM,,q, reflecting the characteristic of
the outdoor chamber of this study. OM,,,; was obtained by analyzing
the organic matter using Fourier-transform infrared spectroscopy
(FTIR) spectra. OM,,q is obtained by extracting the Teflon film surface
with organic solvents (i.e., dichloromethane and ethyl acetate). In FTIR
spectra (supplementary Fig. S1), the aliphatic functionality (C—H
stretching bend) is dominant, and oxygenated functionalities such as
carbonyl, alcohols, and carboxylic acid are minor. The air in the UF-
APHOR chamber is ventilated after each chamber experiment by being
exposed to ambient air for several hours and cleaned using the clean
air generator for two days. Thus, the chamber wall can be influenced
by trace compounds in ambient air during the ventilation procedure.
Long chain n-alkanes (wax-like matter) are common in ambient air
due to primary emissions (combustion of fossil fuels) and biogenic
emissions (Bi et al., 2003; Simoneit, 1989; Lyu et al., 2019). The Teflon
film (Fluorinated Ethylene Propylene (FEP) Teflon film) is generally
very hydrophobic. Its solubility parameter, based on Hansen's parame-
ter (Barton, 2017), is even lower than alkanes and more favorable to
the adsorption of wax-like alkanes than oxygenated organic com-
pounds. Furthermore, the oxidation of long-change alkanes is generally
slower than oxygenated compounds such as aldehydes, and this ten-
dency increases the hydrophobicity of the wax-like OM,y ;.

The equilibrium constant (K.q) of GWP is theoretically calculated as
the conventional partitioning coefficient expressed as below:

7501RT  kony,
109MWOM'YW,ipL‘:i koffw,iOMwull

3)

Keq =

Ris the ideal gas constant (8.314 J mol~' K~') and T is the temper-
ature (K). MWoy, is OM,,q's average molecular weight, and pL; is the lig-
uid vapor pressure (mmHg) of SVOC(i). OMy,q; (18.52 mg m™3) is the
concentration of the OM,,q; in the chamber, determined based on the
measurement. The unitless GWP coefficient (K,y;) is determined by
multiplying OMy,q by the Keq:

7.501RTOM

Kwi = KegOMyar = g =
w;i wa 1 OgMWOM Yw.iPpi
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The chamber experimental data to investigate the impact of GWP on SOA formation. The experiments were performed in the presence of NOy and inorganic-seeded aerosol under ambient

sunlight by using the UF APHOR chamber.

HC NO, Seed Date Initial HC Initial NO Initial NO, Initial HONO HC/NOy OM,” SOA RH Temp. Note.
condition Condition® conc. (ppb)  conc. (ppb) conc. (ppb)  conc.(ppb)  (ppbC/ppb) (ng/m3) Yield (%)¢ (%) (K)
NS 6/20/2012 165 64 2 11 15.00 5 13 27-83 295-317 Fig. 1a
Low-NOy SA 6/20/2012 165 90 5 15 10.50 5 15.6 27-83 295-317 Fig. 1a
toluene SO, 1/6/2012 190 35 35 40 12.09 5 18.9 18-81 280-306 Fig. S4a
NS 2/9/2012 180 180 31 35 4.52 4 93 21-84 280-307 Fig. 1d
High-NOy SO, 2/9/2012 175 180 30 35 5 4 15.3 21-83 280-307 Fig. S4b
SA 4/30/2018 127 295 10 47 29 2 131 14-57 289-317 Fig. 1d
NS 9/7/2019 210 102 25 0 149 1 2.0 10-39 294-323 Fig. 1b
Low-NOy SA 9/7/2019 200 101 26 0 142 1 5.4 20-49 294-319 Fig. 1b
T™B WAS 9/19/2019 210 97 15 0 169 1 44 26-74 298-320 Fig. S4c
NS 9/10/2019 210 532 69 0 3.1 1 1.1 13-40 296-322 Fig. le
High-NOy SA 9/10/2019 210 546 71 0 3.1 1 34 23-50 297-319 Fig. le
SO, 5/20/2012 160 195 48 75 5.2 4 73 14-95 290-317 Fig. S4d
NS 8/28/2019 124 100 94 0 113 4 6.1 14-40 296-320 Fig. 1c
Low-NOy SA 8/28/2019 130 101 94 0 11.8 4 123 32-54 296-317 Fig. 1c
a-pinene WAS 7/30/2019 117 50 23 0 16.0 6 103 31-84 273-321 Fig. Sde
High-NO NS 7/18/2019 140 169 136 0 4.6 3 6.5 19-48 294-319  Fig. 1f
* SA 7/18/2019 140 148 156 0 4.6 4 114 13-42 294-320 Fig. 1f

2 Seed condition defines the injected electrolytic seed condition. NS, SA, SO,, and wAS denote the non-seed, sulfuric acid, SO,, and wAS (RH > ERH) seeded condition, respectively.
> OM, is pre-existing organic matter in the chamber. It is determined based on the organic matter concentration of background sample.

¢ SOA yield is estimated by generated organic mass (ug m—>) to consumed hydrocarbon

K., i can be defined as k_on,,, ; to k_off,, ; ratio. By taking the loga-
rithm of Eq. (4), K, ; can be expressed as:

k_on,, ; is defined as a fractional loss rate with the accommodation
coefficient of i to the wall a, ; (McMurry and Grosjean, 1985)
expressed as:

7.501RTOM

5
10°MWoum ®)

In (KW_,‘) =—1In (’Yw,i) — In (p[_i) + ll’l(

Vi/4
1+ W1Vl

8vK.D
v; is the gas molecules' mean thermal speed. D (1.0 x 10~ m? s~ 1)
and K, (0.12 s~ 1) are referred to as the diffusion coefficient and coeffi-
cient of eddy diffusion applied as a fixed number, respectively.
The QSAR theory is frequently used to predict the solvent effect on
the reaction rate constants or equilibrium constants in the form of a

(6)

Hydrocarbons Oxidation

(ug m~>) ratio.

linear solvation energy relationship (Alan, 1992; Puzyn et al., 2010). In
environmental studies, the partitioning of an organic compound in air-
borne particles was predicted by applying the QSAR (Arp and Goss,
2009; Endo and Goss, 2014; Salthammer and Goss, 2019; Jang and
Kamens, 1999). In the QSAR approach, o, ; and vy,,; can be expressed
as below and apply to the QSAR equation coupled with their physico-
chemical parameters because of their structure reliability.

In (Kyw;) = —(apHq; + bpHyj +1p0t +¢p)— In (pii)

+ In 7.501RT0MWQH 7)
10°MW oy
In (o, ) = agHq; + bgHaj + SqSi + rac + ¢4 (8)

where Hy;, Hgj, Sio and ¢ indicate the hydrogen bond donor, hydrogen
bond acceptor, dipolarity/polarizability, and polarizability, respectively
(Abraham and McGowan, 1987; Abraham et al., 1991; Platts et al., 1999)

In this study, QSAR models are semiempirically determined by
using the experimental data that measured time series gas-phase

UNIPAR
Organic phase (or)

(toluene, a-pinene,

1,3,5-trimethylbenzene) (-OH, 05, NO;)

Chamber Wall (w)

Fig. 1. The structure of the UNIPAR-GWP explicit model to predict the impact of gas-wall partitioning on SOA formation. C denotes the concentration of organic compound (i) in gas phase
(g), organic phase (or), inorganic phase (in), and chamber wall phase (w). The gas-wall and gas-particle partitioning coefficients of i are integrated by using k_on (absorption rate constant)
and k_off (desorption rate constant) between gas phase (g) and three phases (or, in, and w). k,; and kac; are the rate constants of oligomerization of i in or and in in, respectively. Cg; is

simulated using the gas kinetic mechanisms (MCM v3.3.1, Jenkin et al., 2012). The partiti

oning process is kinetically treated by using k_on and k_off. Aerosol phase reactions of i are

processed by using the UNIPAR module. The gas phase reaction, multiphase partitioning processes and aerosol phase reactions to form SOA mass are integrated into chemical solver.
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concentrations of SVOCs in the UF-APHOR chamber to predict Ky, ;
and ay,;, respectively:

In (Kw_i) N (2250 OOO7RHHd.i + 0.790'022RHHH_,' + 0.140'0025RHai76.540'0047’3”)

. 7.501RTOM,qy
—In(p;)+ In[—F—"
(pL.l> ( 1 09 MWOM )

9)
In () = —0.33Hg;—3.00H,;—0.050;,—0.615,—9.69 (10)

The QSAR equations (Egs. (9) and (10)) are determined based on the
statistical evaluation described in the Section S1.2. RH dependency of
the coefficient in the K,,; predictable QSAR equation is determined
based on the chamber studies under three different RHs (supplemen-
tary Fig. S2). In supplementary Fig. S3, the predicted and observed In
(K.;) shows descent linearity (y = 0.97x, R? = 0.80). k_on,,; is deter-
mined by substituting the a,; predicted by polynomial equation
(Eq. (10)) to the Eq. (6). k_off, is calculated by dividing k_on,,; with
K,,; predicted by the QSAR polynomial equation (Eq. (9)).

3.2. UNIPAR-GWP model

The UNIPAR model treats the oxidized products as a 51 lumped ar-
rays with eight levels of volatility (1-8: 107%,1075, 105,107, 1073,
1072,107", and 1 mmHg) and six levels of aerosol-phase reactivity
(very fast: VF, fast: F, medium: M, slow: S, partitioning only: P, and
multi-alcohol: MA) and three additional reactive species (glyoxal
(GLY), methylglyoxal (MGLY), and epoxydiols (IEPOX)). The UNIPAR-
GWP model treats vapor pressure and aerosol-phase reactivity of the
oxidized products as lumped groups while all other model parameters
(the organic to carbon ratio (0:C), molecular weight (MW), H-
bonding (HB), and activity coefficients in inorganic (7y;,;)) were explic-
itly treated by using actual molecular structure. The UNIPAR model is in-
corporated with GWP that are explicitly treated using the QSAR-model
predicted k_on,,; and k_off,y;. The UNIPAR-GWP model was simulated
using a chemistry box model platform, the Dynamically Simple Model
for Atmospheric Chemical Complexity (DSMACC).

The partitioning processes were treated using absorption-
desorption kinetics and incorporated with gas-kinetic mechanisms
to dynamically treat GWP in a similar way to Eqgs. (1) and (2) using
the absorption (k_on,,; or k_on;,;) and desorption rate constant
(k_offor; or k_offin;) between the gas and particle phase (or: organic,
in: inorganic). k_on,,; and k_on;, ; were defined based on the flux
equation of condensable organic species from the gas phase to an
aerosol particle of diameter D, (100 nm) (Bowman et al., 1997;
Wexler and Seinfeld, 1990) below:

2nDp>\f(cg_,-—c§?,.) "
1+ 8\/atorD, (I

koony.; =
2MD,\C (cg_,- —cg)

komini =—3— 8N/ D,

(12)

where Cg; and G, are the bulk gas-phase concentrations (ug m—>) of
iand that in the equilibrium state, respectively. The impact of the Kelvin
effect on G{? is neglected for the particle size larger than 0.1 pm. A (um)
is the mean free path of air, and ¢ (m s~ ') is the mean molecular speed
of SVOC (i). o, and ¢y, are the accommodation coefficients of SVOC(i) to
the organic phase and inorganic phase, respectively. The equilibrium of
gas-particle partitioning is rapidly established assuming the perfect ac-
commodation of organic vapors onto particles (o, = o4, =1) (Julinetal,
2014). The seed surface area was not considered based on the assump-
tion that accommodation of organic vapors onto particles is perfect
without substantial limitations to vapor-particle mass transfer (Nah

et al., 2016). The gas-particle partitioning coefficient in the organic
phase and the inorganic phase are described as K,,; and K;,; (Pankow,
1994; Beardsley and Jang, 2016; Im et al., 2014; Zhou et al., 2019)

7.501RT
i =g (13)
10 MWOT'Yor,ipL,i
7.501RT
inji (14)

1MW Yy,

Yori 1S the activity coefficient of SVOC in or phase and 1y, is assumed
as unity. y;,, is semi-empirically estimated by a polynomial equation, by
fitting the theoretically estimated 7;,; (AIOMFAC (Zuend et al., 2011))
of model organic compounds to RH, O:C, MW, HB, and fractional sulfate
(FS) of i (Zhou et al., 2019):

Yini = £0-035MW;—2.704 In (0:C;)—1.121HB;—0.330FS—0.022RH (15)

Yini for different SOA systems is discussed in Section 4.3. k_off,; and
k_offini are obtained from absorption rate constants (k_on,,; and k_on;y ;),
the partitioning coefficient of SVOCs (K,; and K;,;), and aerosol concen-
trations (OMy and M;,):

_ kong,;

koffor; =K, .OMy (16)
- kOTl,‘n'i

koffini = KouiMin (17)

where OMr (ug m~3) is total concentration of organic matter and M;,
(ug m™3) is the concentration of inorganic aerosol. OMy is the sum of
the concentration of organic matter produced from gas-particle
partitioning (OMp) of oxidized products and the OM produced by aero-
sol phase reaction (OMag). The OMag formation includes the oligomer-
ization in the organic phase and aqueous reaction in the inorganic
phase, following the previous studies (Im et al., 2014; Zhou et al.,
2019). OMap is estimated by analytical solution of the second-order ki-
netic dimerization reaction (Odian, 2004) based on the aerosol-phase
reactivity scales of lumping groups. Oligomerization in an aqueous
phase can be accelerated by inorganic acid via acid-catalyzed reactions
of reactive organic species (Jang et al., 2002). The oligomerization rate
constant (kac ;) in the aqueous phase is determined by a semiempirical
model developed by (Jang et al., 2005) as a function of reactivity scale
(R;), protonation equilibrium constant (pKgy.;), excess acidity (X), wa-
ter activity (a,), and proton concentration ([H*"]), estimated by using
the inorganic thermodynamic model (i.e. E-AIM (Clegg et al., 1998)):

kAC,i _ 100.22171(5;.;,,+0.6X+0.846R,-+log(aw[H’])—2.2 (18)

The reactivity scale of lumping groups originated from the hydration
equilibrium constant of various carbonyl compounds. Similar to kac, ;,
the oligomerization reaction rate constants in organic phase (ko ;, L
mol~! s~1) are determined based on R; and pKgy; without X and a,,
[H"] terms:

ky; — 10022PKu +0.846k 39 (19)

4. Results and discussions
4.1. UNIPAR-GWP simulation vs. chamber observation

In order to examine the feasibility of the UNIPAR-GWP model, the
predicted SOA mass was compared to the SOA data obtained from the
photooxidation of toluene, TMB, and a-pinene under varying seed con-
ditions and NOy levels (Table 1). Fig. 2 illustrates the time profiles of the
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Fig. 2. Simulated SOA mass under the various experimental condition. The GWP impacted SOA mass (solid line) is presented with experimental observation (plot). The GWP corrected SOA
mass (dashed line) and OMp (dotted line) are predicted by simulating with updated SOA model parameter. The bias of experimental data due to the particle loss in the chamber was
corrected. The error associated with SOA data is 9% according to the OC/EC analyzer and the collection of particle loss to the wall.

predicted SOA mass and the chamber observation for selected SOA sys-
tems (no seed and sulfuric acid-seed SOA). The simulation employs
measured sunlight, temperature, and humidity during the chamber ex-
periment. Supplementary Fig. S4 in Section S2 also demonstrates pre-
dictability of the UNIPAR-GWP model for the SOA data with SO, and
those with wAS seed aerosol.

Overall, the predicted SOA mass reasonably demonstrates the im-
pact of NOy levels on SOA formation, yielding higher SOA mass under
lower NOy levels for all three HCs. Regardless of seed conditions, HC
types and NOy levels, SOA formation is dominated by OMar (OMar =
OM1-OMp) as seen in Fig. 2. In the presence wet-inorganic aerosol,
SOA formation increases due to oligomerization of the reactive organic
compound dissolved in the aqueous phase. Additionally, SOA formation
is significantly accelerated by an acid-catalyst in the presence of sulfuric
acid aerosol as seen in Fig. 2. The impact of acidic seed on SOA growth in
Fig. 2d was relatively small because humidity was lower than efflores-
cence RH (ERH) of partially neutralized sulfuric acid aerosol during
the daytime. When RH drops below ERH, the UNIPAR model produces
SOA mass only in organic phase.

Fig. 2 also illustrates the simulated SOA mass produced without the
GWP artifact (dashed line) by using the UNIPAR-GWP model. In general,
the reactivity of multifunctional organic compounds is poorly known. In
UNIPAR-GWP, k,; associated with the oligomerization of organic spe-
cies in organic phase increased with a raised intercept to compensate
the bias in SOA mass due to GWP of organic species. kac; for oligomeri-
zation in inorganic phase was also slightly increased with a raised inter-
cept. kac;in Eq. (18) and k,; in Eq. (19) are updated rate constants and
they are applied to predict in-particle chemistry in UNIPAR-GWP. The
impact of GWP on SOA formation varied depending upon the type of
HCs, NOy levels, and inorganic seed conditions. For example, aromatic
SOA was generally more sensitive to the GWP bias than a-pinene
SOA. This trend can be explained by the relative significance of the
GWP time scales compared to the time scales for the aerosol formation
originating from different product distributions in each HC. The charac-
teristic timescale of important processes (i.e., GWP, gas-particle
partitioning, oligomerization in the organic phase, aqueous reactions

in the inorganic phase) of various oxygenated products is discussed in
Section 4.2 and applied to SOA sensitivity to important variables in
Section 4.3.

4.2. Time scale of atmospheric processes of SVOCs

SOA growth can be affected by GWP when the timescale related to
gas-particle equilibrium and aerosol phase reactions is competitive
with that of GWP. Table S3 in Section S3.1 summarizes the characteristic
time of GWP (Tewp;), gas-particle partitioning (7¢p;), oligomerization in
the organic phase (7,,;) and aqueous reactions (7;,;). Fig. 3 illustrates
Towr.i» Tori» and T, ; Of the selected oxidized product in each lumping
group (Fig. S5 in Section S3.2 of Supplementary) for three HCs. Tewp;
ranges from 3 min to several hours. In general, T¢wp; increases with de-
creasing vapor pressure and increasing reactivity (generally, the more
highly reactive i is the more polar). 7¢p; is known to be a rapid process
which can be done within several seconds. For example, Julin et al. re-
ported T¢p; can be as short as an order of 107'° s (Julin et al., 2014).
Thus, 7¢p; is much shorter than T¢yp; and even smaller than aerosol
phase reactions. 7,,; varies with reactivity scales of i, ranging from
1072 to 10'% 5. The oligomerization can be accelerated by an acid cata-
lyst in the aqueous phase. Thus, 7;,; is shorter than 7,,; as seen in
Fig. 3. In general, 1VF-8VF, 1TF—7F, and 1M-5M groups mainly contrib-
ute to SOA mass (OMag) because SOA formation is dominated by aero-
sol phase reactions of these reactive organic species. For those reactive
groups, both 7;,; and 7,,; are much shorter than 7cyp; as seen in Fig. 3.
Despite a considerable GWP process in group S, the impact of GWP is
trivial due to a small contribution from the S group (weakly reactive)
to SOA formation. Group P (partitioning only) is mainly influenced by
GWP.

For the three SOA systems under the high-NO, condition (HC/NO, = 3
ppbC/ppb), major products related to SOA mass, GWP, and the total prod-
uct concentration are marked in Fig. 3 to characterize the potential impact
of GWP on SOA mass. For each SOA system, a black rectangular box rep-
resents major lumping species in non-seed (NS) SOA. In the presence of
wet-ammonium hydrogen sulfate (WAHS), the lumping species that are
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Fig. 3. The characteristic timescale (s) based on the lumping group of UNIPAR. The estimated characteristic timescale is calculated based on the selected oxidized products in Fig. S4 in
Supplementary. The major groups generating SOA under high NO, condition (HC/NOx = 3 ppbC/ppb) in the organic phase are marked with black border and additional compounds
contributing SOA formation in the presence of wAHS by the aqueous phase reaction with acid catalyst are marked with red border. The major groups contributing to total product
concentrations (gas-+aerosol+wall) and to wall are marked with * in red color and * in blue color in lumping bins, respectively.

additionally involved in SOA formation via acid-catalyzed reactions, are
marked with a red rectangular box. In each SOA, the lumping groups
that have a large total concentration (gas+ particle+wall) are marked
as symbol * in red color. These lumping groups may possibly contribute
to GWP. Symbol # in blue color represents the group that can significantly
contribute to GWP. Overall, the GWP dominant groups are not over-
lapped with SOA major contributors. The GWP contributors of a-pinene
products are relatively more volatile than those in toluene or TMB. GWP
dominant lumping species (symbols * and #) are volatile or mainly in S
and P groups, except group 3M in toluene.

4.3. Sensitivity of SOA formation to major variables in the absence of GWP
bias

In order to characterize the sensitivity of SOA formation to major en-
vironmental variables, the formation of SOA is simulated for the photo-
oxidation of 30 ppb HCs (toluene, TMB, and a-pinene) under two NOy
levels (HC ppbC/NOy ppb = 3 and 12), two humidity levels (45% and
80%), two temperature (278 K and 298 K) and three seed conditions
(NS, wAS (neutral seed), wAHS (acidic seed)) using the sunlight profile
on 6/19/2015 (Fig. S6 in Section S4). In order to simulate the SOA forma-
tion under the urban environmental condition, pre-existing organic
matter (OM,) is set to 5 ug m—> the inorganic seed concentration
(WAS and wAHS) was set to 20 ug m™>, Fig. 4 illustrates simulated
SOA mass after a 12 h reaction (I, Ill, V) under various environmental
conditions in the absence and presence of GWP artifacts. In Fig. 4 SOA
mass is plotted to HC consumption (II, IV, and VI) with and without
GWP bias.

A noticeable change appeared between NS SOA and wAS seeded SOA
suggesting that SOA growth changes at the efflorescence RH for all three
HC, especially for toluene. The impact of RH on SOA formation at the
high temperature (298 K) is, however, less than the phase transition
of inorganic seed if RH is higher than ERH for the SOA aerosol processed
under the liquid-liquid phase separation (LLPS) mode between the or-
ganic phase and the inorganic phase. SOA growth for the three HCs of
this study is simulated with LLPS and shows insignificant RH impact

on SOA mass (i.e., Fig. 4 E, Fvs. G, H). A similar result appeared in the re-
cent study by Zhou et al. (2019) for three monoalkylbenzene SOAs (tol-
uene, ethylbenzene, and n-propylbenzene) at 298 K. The model
simulation is in accordance with the typical trend (Hallquist et al.,
2009; Ng et al., 2007) in NOy effect on SOA mass showing the higher
SOA mass with the lower NOy level (i.e., Fig. 4 A, C, E, G vs. B, D, F,
H) for all three HCs. The a-pinene SOA was somewhat less sensitive to
NOy levels than aromatic SOAs. The model also captures the impact of
temperature on SOA formation, where partitioning mass increased at
lower temperatures. Evidently, the UNIPAR simulation concurred with
chamber-generated SOA data collected in different seasons (different
temperatures) as seen in Fig. 2 and Table 1. The SOA mass drastically in-
crease by factors of 2 to 4 with decreasing temperature from 298 and
278 K (Fig. 4 E-H vs. A-D). The temperature is the most influential factor
on SOA mass within our sensitivity evaluation. The sensitivity to tem-
perature is the highest with TMB and the least with toluene.

The simulation of SOA formation is performed for three different
seed conditions: NS, wAS, and wAHS, in the absence and the presence
of GWP. The seed effects on SOA formation were dependent on HC
types. For example, toluene SOA (Fig. 4-11) significantly increases with
both wAS and wAHS (more than doubling SOA yields at given simula-
tion conditions with wall). For TMB and a-pinene (Fig. 4-1V and 4-VI),
a significant increase in SOA yields appeared with wAHS-seeded acidic
aerosol. This different trend in inorganic seed impacts on SOA between
toluene and other two HCs can be explained by vin; (solubility in aque-
ous phase) of oxidized products as described in Section S5 in Supple-
mentary. Fig. S7 illustrates 7;,; of oxidized products in three SOA
systems (see Eq. (15) in Section 3.2). The 7y;,,; values of oxidized prod-
ucts in TMB and a-pinene are generally larger than those in toluene,
resulting in low solubility in the aqueous phase. Without an acid-
catalyst, SOA growth, therefore, inorganic seed effect is less in TMB
and a-pinene than toluene.

The top portion in the stack bar in I, IIl, and V series of Fig. 4 illustrate
the impact of GWP on various SOA. Aromatic SOAs are more sensitive to
GWP bias than a-pinene. For example, the SOA mass change in toluene
ranges from 9 to 71% due to GWP, while that in a-pinene is relatively
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Fig. 4. The sensitivity of SOA formation to important variables (temperature, humidity, NOy level, seed types) for three different HCs (toluene (TOL), 1,3,5-trimethylbenzene (TMB), and o~
pinene (AP)). The simulation of SOA mass was performed for the photooxidation of hydrocarbons at a given experimental conditions under the ambient sunlight measured on 06/19/2015
(presented in Fig. S6). The initial concentration of HC was 30 ppb and OM, was set to 5 ug m~>. The inorganic seed concentration ((NH,),SO, (AS) and NH;HSO, (AHS)) was set to
20 ug m—>. Series I, 111, and V represent the SOA mass produced after 12 h simulation. For series of I, IIl, and V, the percentage on each bar represents the decreased SOA mass by the
impact of GWP compare to the SOA mass without a GWP bias. Series II, IV, and VI illustrate the SOA mass as a function of HC consumption in the presence and the absence of the GWP bias.

insensitive to temperature, RH, NOy, and seed conditions (23-31%). For
toluene SOA, the GWP fraction of total SOA in the absence of wet seed
(NS) is significantly higher than that in the presence of wet seed (WAS
or wAHS) regardless of NOy levels. We can conclude that the GWP frac-
tion of total SOA mass is relatively less significant for simulation of
acidic-seeded SOA formation for all HCs except TMB at the high temper-
ature (298 K).

The importance of GWP can also be different by the initial concentra-
tion of HC in the chamber experiment. Fig. 5 illustrates the SOA mass
produced from the photooxidation of toluene or a-pinene at the three
different initial HC concentrations (10, 30, and 60 ppb). The SOA mass
drastically increased when the initial HC concentration increased be-
cause of the promotion of gas-particle partitioning with increasing
OMrt (Odum et al., 1996). Consequently, increased partitioning mass



S. Han, M. Jang / Science of the Total Environment 748 (2020) 141360

H SOA mass with GWP bias
a. toluene EXI SOA mass change by GWP bias
60
Initial Conc.: 10 ppb Initial Conc.: 30 ppb Initial Conc. 60 ppb 39%
=~ 50 -
£
a 40 59%
= 69%
2 30 A 4%
£
< 20 A % 0%
o]
D10 { g 62% 0% E H
ol B B [ Al
NS AS AHS NS AS AHS NS AS AHS
b. a-pinene
60
0 Initial Conc.: 10 ppb Initial Conc. 30 ppb Initial Conc.: 60 ppb
o~ 50 1
ED 40
=
w 30 .
@ 2%
E 20 9% 0%
@] 24%
a 10 A 2% 22%
28% 28%  30% i
o i AL

NS AS AHS NS AS AHS NS AS AHS

Fig. 5. The impact of GWP on SOA mass under varying the initial concentration of toluene
and a-pinene at a given conditions (T = 298 K, RH = 45%) with the certain NOx condition
(toluene: high-NOy, a-pinene: low-NOy) under the ambient sunlight measured on 06/19/
2015 (presented in Fig. S6). The inorganic seed concentration (AS and AHS) was set to
20 pg m—>. The percentage on each bar represents the decreased SOA mass by the

impact of GWP compare to the SOA mass without a GWP bias.

accelerates aerosol phase reactions of organics. Overall, the GWP frac-
tion of total SOA mass is, however, less with a higher initial HC concen-
tration. It suggests that model parameters obtained from the low HC
concentrations in past chamber studies might be more biased due to
GWP.

4.4. Chamber characteristic parameters vs. GWP impacts on SOA prediction

The impact of GWP on SOA formation is also influenced by chamber
dimensions and its surface properties. Fig. 6 demonstrates the sensitiv-
ity of SOA formation to chamber parameters, OM,,q; and A/V, in the
presence of GWP. The OM,,; of UF-APHOR is 18.52 mg m~> and the
A/V ratio is 1.65. The upper boundary of OM,,; is set to 40 mg m~3
and the lower boundary to 10 mg m~>. The upper boundary of the A/

V ratio is set to 3.3 (double of UF-APHOR) and the lower boundary to
1.2 (sphere with 2.5 m diameter). The SOA mass decreases by increasing
OM,yqn and/or the A/V ratio owing to GWP. K,,; increases with increasing
OM,,q; (Eq. (4)) and k_on,,; increases with A/V (Eq. (6)). Within our
boundaries, the A/V ratio is more influential on SOA mass than OM,,q.
The upper boundary of the A/V ratio (3.3) can closely represent the pa-
rameters of typical indoor chambers that are smaller than the UF-
APHOR chamber. With the upper boundary of A/V ratio in Fig. 6, the re-
duction of Tewp; of organic species are various raging from half to an
order of magnitude compared to the reference (UF-APHOR). With low-
ering OMyan, Tewp; decreases by half. Thus, Towp; of organic compounds
in the smaller indoor chamber possibly would be one order of magni-
tude shorter than that of a large outdoor chamber. The aromatic SOA
is more sensitive to the chamber characteristic parameters than o-
pinene.

4.5. Model uncertainties

Fig. 7 represents the uncertainties of the SOA prediction when
changing major model parameters (k_0m,;, Yuw.i» PLi» Koi/kaci» and Yins)
in the presence of GWP. SOA mass is reduced by the raised k_on,,;,
which gears toward reduction of characteristic time. Furthermore, the
change in chemical distribution due to GWP can alter gas chemistry
and cause further changes in SOA production. In the partitioning
point, the increased v,,; should increase SOA mass but simulation
shows the reduction in SOA mass suggesting that sequential reactions
in gas phase can considerably influence product distributions.

pr. i can influence both GWP (Eq. (4)) and gas-particle partitioning in
UNIPAR (Egs. (13) and (14)). Model parameter y;,, ; (Eq. (15)) and aero-
sol phase rate constants (Eq. (18)) in inorganic phase are associated
with the UNIPAR model. For the three HCs, the uncertainties of the
SOA prediction in changing UNIPAR model parameters are varied be-
cause each HC will produce different SVOCs that have different solubil-
ity in the aqueous phase and reactivity in the aerosol phase. In the
absence of GWP, the uncertainties of the SOA prediction in varying the
model parameters associated with UNIPAR are shown in Fig. S8 (-
Section S6 in Supplementary), showing a similar tendency in Fig. 7.

5. Atmospheric implication

The simulation of this study showed that SOA formation was influ-
enced by NOy levels, RH, seed types, and temperature as shown in
Section 4.3 and Fig. 4. Such trends in SOA formation were in accordance
with previously reported studies (Hallquist et al., 2009). SOA production

Increased by factor
% .o a. toluene | O decreased by factor b. TMB c. a-pinene
Q 459 45% 45%
g NS AS  AHS NS AS  AHS NS AS  AHS| Ns AS  AHS NS AS AHS | NS AS  AHS
5 30% 4 30% 30% -
(3
® !
2 o 23%  29% 1.4% w .
= : : : 3.8% 36% - 3.4% 06% 15% 18%
S 0% { =3 ﬁ 0% = %= = =
ua . -4.1%  2.9% . 2.9%  -3.6%  _4.0% 20% -1.6% -2.3%
g -15% - -15% -15%
<
% -50% -30% -30% -
> OM,, A/V OM,; A/V oM, A/V
ES -45% -45%

Fig. 6. The sensitivity of SOA mass to the chamber specific parameters is predicted by changing OM,,,; and A/V ratios at a given conditions (T = 298 K, RH = 45%) under the certain NOx
condition (aromatic HCs: high-NOy, o-pinene: low-NOx). The SOA mass is simulated with 30 ppb of each hydrocarbon under the sunlight on 06/19/2015 measured in the UF-APHOR. The
inorganic seed concentration wAS and wAHS) was set to 20 ug m—>. The reference condition is set to the chamber characteristic parameters of UF-APHOR (OM,yo = 18.52 mg m— and A/
V = 1.65). The upper boundary (filled) and lower boundary (open) of OM,, are 40 mg m > and 10 mg m >, respectively. The shape of UF-APHORE is semi cylindric (r = 2.5 m) and its A/
V ratio is 1.65. The upper boundary and the lower boundary of A/V ratio are 3.33 (double of the UF-APHOR) and 1.2 (sphere shape with r = 2.5 m), respectively.
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Fig. 7. The uncertainties in the prediction of SOA mass using the UNIPAR model in the presence of GWP by varying important model parameters (k_0n,;, Yuw. PLi» koi/kaci» and i) at a
given conditions (T = 298 K, RH = 45%) under the certain NOy level (aromatic HCs: high-NOy, ai-pinene: low-NOy). The SOA mass is simulated with 30 ppb under the sunlight on 06/19/
2015 measured in the UF-APHOR (Fig. S6). The inorganic seed concentration (AS and AHS) was set to 20 ug m >, The variations in k_0ny,, Yw.i, ko/kaci» and Yin, are 2 times and 0.5 times. The

variations in vapor pressure are 1.5 times and 0.67 times.

was more sensitive to aerosol acidity (wAS vs. wAHS) than that to humid-
ity (45% vs 80%). SOA mass increases in the presence of wet-seed but the
sensitivity of SOA formation to RH is less when RH is higher than ERH.
This was shown by a change in ERH due to the inorganic aerosol phase
transition. Unlike the SOA in the LLPS mode, isoprene SOA is mixable
with wet inorganic salts to form a single homogeneously mixed phase
(Beardsley and Jang, 2016) and is sensitive to RH even after ERH. Thus,
the aerosol phase mode can be a key to simulate the sensitivity of SOA for-
mation to RH.

The explicit approach in the UNIPAR-GWP model benefits the pre-
diction of GWP that has varied physicochemical properties of a variety
of organic species as well as the simulation of aerosol phase reactions
of various reactive oxygenated products. As seen in Section 4.3, the im-
pact of GWP varies with HC types, NO,, RH, temperature, and seed con-
ditions. Although the partitioning theory can partially explain the trend
in the impact of GWP on SOA formation, the prediction of SOA mass
with GWP is complex due to nonlinearity in gas chemistry. In general,

aromatic HCs are more impacted by GWP than and o-pinene. GWP frac-
tion of total SOA is greater with the lower consumption of HC in the ab-
sence of wet-inorganic seed (Fig. 5). When the GWP-biased model
parameter is applied to SOA formation in SO, poor environments, the
simulation can considerably underestimate SOA mass. Studies showed
that SOA mass at regional or global scales was underestimated against
observed values (Volkamer et al., 2006; Ensberg et al., 2014; Baker
et al., 2015). In general, ambient SOA is produced in the presence of
preexisting wet-inorganic seed (Ervens et al., 2011). As seen in this
study, the GWP bias in SOA mass in the presence of inorganic seed is rel-
atively small, suggesting that that GWP corrected model parameters can
somewhat advance predictions but still insufficient to improve underes-
timation of SOA mass. Therefore, the formation of non-volatile oligo-
mers via aqueous reactions of organic species in the presence of
electrolytic inorganic aerosols might be important mechanisms to iden-
tify the missing source of SOA. In the regional models, aqueous reactions
of a variety of organic species orienting from numerous HCs are still
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missing (McDonald et al., 2018). The model simulation of this study also
proves the importance of aqueous reactions, as it shows an increase in
SOA mass in the presence of wet-inorganic aerosol compared to that
in the absence of seed (Fig. 4).

The UNIPAR-GWP model of this study can be applied to SOA data
originating from other laboratories, if the chamber characteristic pa-
rameters are substituted (OM,yq; and A/V, Egs. (4) and (6)). The outdoor
chamber of this study is exposed to ambient air during the ventilation
process after each experiment and the chamber air is flushed using
clean air for at least two days under natural sunlight. However, the
cleaning procedure of the chamber in other laboratories may be differ-
ent from the outdoor chamber: i.e., cleaning using tank air after each
experiment without contact with ambient air. Thus, OM,,,q; and its com-
positions may be different between chambers. Then, the coefficients in
the QSAR-base polynomial equation (Egs. (7) and (8)) should be
recalculated to apply the GWP model of this study to different cham-
bers. Furthermore, the alteration of SOA production by GWP is nonlin-
ear to chamber dimension due to sequential gas chemistry. The SOA
model parameters previously employed in regional models were deter-
mined by using chamber studies conducted in indoor chambers with
high A/V ratios (2.0-3.0) (see Section 4.4). The data originating from
smaller chambers might lead more bias due to the greater GWP associ-
ated with the larger k_on,y ;.

Although not investigated in detail in this study, the aerosol viscosity
may play an important role in SOA formation in low O:C ratios (Shiraiwa
etal, 2011). For example, Renbaum-Wolff et al. reported a slow diffu-
sion of a-pinene SOA due to its high viscosity (Renbaum-Wolff et al.,
2013), as this affected the bulk diffusivity in the aerosol (Koop et al.,
2011). The limited diffusion in the aerosol phase can inhibit gas particle
partitioning, as well as aerosol phase reactions. In addition, the UNIPAR-
GWP model employed MCM (Jenkin et al., 2012). MCM can cause the
uncertainty of GWP bias, as well as the prediction of SOA. Crounse
et al. discovered that autooxidation in terpene systems can produce
nonvolatile multifunctional alcohols and increases SOA mass (Bianchi
et al.,, 2019; Crounse et al., 2013). The autooxidation mechanism was
not considered in this study.

The various functionalities of SVOCs were applied to establish
the QSAR based GWP model. More accurate data allowed for the bet-
ter QSAR based GWP model. The QSAR model was demonstrated
mostly with mono-functional organic species. Many organic species
in SOA are multifunctional but they are not commercially available.
In addition, the measurement of initial gas-phase concentration is
burdensome because the experimental procedure requires the
time step for the vaporization of organic species into a chamber. In
order to improve the robustness of the GWP model, the database
should be extended to multifunctional organics with a short chemi-
cal injection method and continuous online detection of gaseous
compounds.
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