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The polycyclic aromatic hydrocarbons like benzo(a)pyrene (BaP) in atmospheric
particulate matter pose a threat to human health because of their high carcinogenicity. In
the atmosphere, BaP is mainly degraded through the multiphase reaction with ozone, but
the fate and atmospheric transport of BaP are poorly characterized. Earlier modeling
studies used reaction rate coefficients determined in laboratory experiments at room
temperature, which may overestimate/underestimate the degradation rates when applied
under atmospheric conditions. Moreover, the effects of diffusion in the particle bulk are
not well constrained, leading to large discrepancies between model results and
observations. Here we show how the regional and global distributions and transport of
BaP can be explained by a new kinetic scheme that provides a realistic description of the
temperature and humidity dependence of phase state, diffusivity and reactivity of BaP-
containing particles. Low temperature and humidity can substantially increase the lifetime
of BaP and enhance its atmospheric dispersion through both the planetary boundary layer
and the free troposphere. The new scheme greatly improves the performance of multi-
scale models, leading to better agreement with observed BaP concentrations in both source
regions and remote regions (Arctic) which cannot be achieved by less elaborate
degradation schemes (deviations by multiple orders of magnitude). Our results highlight
the importance of considering temperature and humidity effects on both the phase state of
aerosol particles and the chemical reactivity of particulate air pollutants.
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MAIN TEXT

55Introduction
Polycyclic aromatic hydrocarbons (PAHs) are derived from combustion processes.
High health risks are associated with exposure to PAHs, among which benzo(a)pyrene
(BaP) is one of the most carcinogenic species (/, 2). Since BaP resides almost entirely in
the particulate phase, the distribution and long-range atmospheric transport of BaP are
60 largely controlled by its multiphase degradation, mainly the reaction of particulate BaP
with gaseous ozone (3). Laboratory studies showed a fast BaP degradation on the surface
of soot, ammonium sulfate and organic aerosol particles (4—6), while atmospheric
observations revealed much longer lifetime and persistency of BaP especially towards
remote and polar regions (7, §). Recent laboratory and kinetic studies have shown that
65 organic aerosol (OA) coatings can effectively shield BaP from oxidants and that the OA
phase state may strongly influence the rate of degradation (9—1/3). However, the key
factors controlling the multiphase degradation and the fate of BaP in aerosols under real
atmosphere conditions are still not resolved (/4). In particular, the laboratory derived
degradation schemes of BaP that have been applied in previous model studies (Fig. 1A,
70 Table S1) (/4-21) do not fully account for the dependency on environmental
conditions/parameters.

Temperature and relative humidity (RH) in the atmosphere cover a wide range, which
not only influence the phase state and diffusivity of OA (/2) but also the chemical
reactivity of organic compounds. Since most modeling studies used degradation rates

75 determined at room temperature (i.e., 296—-298 K) in laboratory experiments, it may
overestimate the degradation rates when applied in colder atmospheric environment.
Based on Zhou et al. (/7), Shrivastava et al. (/4) introduced a threshold temperature below
which the OA coating was assumed to shut off the multiphase degradation of BaP. This
shielding effect improved the agreement between model predictions and observations and

80 was very sensitive to the choice of the threshold temperature. A simple threshold value,
however, does not resolve the actual temperature dependence of multiphase reactions
because both the molecular diffusivity and chemical reactivity of BaP are expected to
exhibit a continuous change in response to changing temperature rather than following a
step function (/3).

85 Moreover, the effects of diffusion and reaction in the particle bulk are not well
characterized in earlier studies. For example, most laboratory experiments (4, 5, 11, 22)
were carried out under excessively high ozone concentrations (up to 3 orders of magnitude
above tropospheric levels) and often surface reaction rate equations were used to
extrapolate the laboratory results for application in atmospheric models. The use of

90 surface reaction rate equations without considering bulk processes, however, can result in
inconsistent dependencies of BaP degradation rates on RH and ozone concentration (Text
S1).

In this study, we use an advanced kinetic model framework to develop an elaborate
kinetic scheme ROI-T for better representation of multiphase degradation of BaP in
95 regional and global models. This new scheme has incorporated three major improvements
compared to previous schemes: (1) considering the formation of reactive oxygen
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intermediates (ROI); (2) including the temperature and humidity effects on phase state of
OA and temperature-dependent chemical reactivity; and (3) using a model framework that
considers both bulk diffusion/reaction and surface reaction to interpret laboratory results
for application in models and comparison to field measurements. We find that the new
ROI-T scheme can well predict the BaP concentrations from regional to global scales. Our
results highlight the importance of temperature on BaP multiphase degradation from a
kinetic view and present a universal scheme that can be applied for various atmospheric
conditions and geo-locations. Due to the common existence of OA coating, similar
temperature effects are expected for other multiphase reactions, which can be determined
from laboratory studies by the general modeling framework and approaches proposed
here.

Results
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BaP degradation Kinetic scheme

In the new kinetic scheme ROI-T, the multiphase degradation of BaP with ozone is
treated in multiple compartments as shown in Fig. 1B, which has not yet been fully
considered by previous schemes. The reaction involves the decomposition of surface
ozone and formation of ROI (23). To account for the mass transport and reactions of
gaseous and particle-bound chemical species at the surface and in the bulk phase, we
apply the kinetic multi-layer model of aerosol surface and bulk chemistry (KM-SUB) (24,
see section M3) which is based on the Poschl-Rudich-Ammann framework (25).
Secondary organic aerosol formed from a-pinene oxidation is chosen to represent the OA
coating (/7). With the kinetic parameters in Table S2, the new kinetic scheme ROI-T can
well explain the kinetics of multiphase degradation of BaP and successfully reproduce the
results of the Zhou's experimental data (/7) for both thin and thick coating cases (8 nm
and 40 nm) at different RH (i.e., dry, 50% and 70%). In further regional/global model
applications, the thick coating scenario is adopted, since the global simulation has found
that the OA shielding on BaP is generally thick (/4). As shown in Fig. 1A, rather than a
fixed degradation rate, the rate coefficients of the ROI-T scheme show a monotonic
increase with increasing temperature and systematically smaller degradation rate of BaP at
lower RH.

The temperature- and RH-dependences of diffusivity and BaP chemical reactivity both
control the degradation rate of BaP. In the new ROI-T scheme, on the one hand,
temperature influences OA diffusivity and its phase state, i.e., the diffusion coefficients of
ozone and BaP are assumed to decrease by one order of magnitude upon a decrease of
temperature by 10 °C (26, see section M3). On the other hand, temperature influences the
chemical reactivity of BaP with ROI following the Arrhenius equation (see section M3).
Considering both effects, the degradation rates of BaP at 253 K are 3—4 orders of
magnitude smaller than those at 313 K (Fig. 1A).

To demonstrate the advantage of the new ROI-T scheme, we have also included other
commonly used degradation schemes of BaP: Kwamena (5), Kahan (22) and P6schl (4)
schemes refer to ozonolysis of uncoated BaP on azelaic acid, liquid substrates and soot,
respectively; Zhou scheme (/1) refers to ozonolysis of OA coated BaP. As shown in Fig.
1A, these schemes show different degradation rates due to the substrate and shielding
effects as summarized in Table S1.

Model versus observation
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Different BaP degradation schemes predict well only on specific characteristic distance
from sources or geo-locations, but less on others. For example, the Kwamena scheme
shows the best agreement with observations at the mid-latitude, while the optimum
scheme for the Arctic is the scheme that predicts the slowest degradation rates, i.e., Kahan
scheme (17, 19) (Fig. 1A). The ROI-T scheme, on the contrary, is able to account for the
different temperature/RH regimes along transport.

In Fig. 2A, we compare the performance of the kinetic ROI-T scheme and the most
commonly used Kwamena scheme (75, /8, 21, 27) in multi-scale model simulations (see
sections M1 and M2). The model results from the Poschl scheme (the fastest) and the
Kahan scheme (the slowest) (Fig. 1A) are also included as references. The observational
data used for model evaluation covers a wide range of source/receptor sites over a large
span of latitudes (33—83° N, see M4). Compared with other schemes, the ROI-T scheme
consistently provides better predictions at all types of sites, from near-source, middle
latitude, remote background, to the Arctic (Table S4). It improves the BaP simulation
most significantly at the Arctic sites where the arrived air masses undergo the longest and
coldest transport processes. For example, the simulated BaP levels at the Alert and
Spitsbergen sites are improved by more than one order of magnitude with the ROI-T
scheme compared with the Kwamena scheme (Table S4A).

To further elucidate the advantage of the ROI-T scheme, we focus on two cases with
contrasting temperature/RH conditions (Fig. 2B): a near-source site Xianghe (39.80° N,
116.96° E, 45 km southeast of Beijing, China) in July representing the local surface
transport in hot/humid environment and a remote background site Gosan (33.28° N,
126.17° E, on the Jeju Island, about 100 km south of the Korean peninsula) in February
representing long-range transport in cold/dry air. The results show that it is impossible to
reproduce observations for both cases by a fixed degradation rate. The Kwamena scheme
is either too slow for the Xianghe summer case or too fast for the Gosan winter case,
suggesting strong temperature and humidity effects on the diffusivity and reactivity. The
model performance cannot be improved by simply changing for another degradation rate,
because a higher (lower) degradation rate will reduce (increase) the BaP concentrations at
both sites. As shown in Fig. 2A-2B, a scheme with faster degradation rates, such as
Poschl scheme, reduces the BaP concentration to the same level as observations for the
Xianghe case but shows a larger underestimation for the Gosan case. We also test the step
function setting of the Zhou scheme as in Shrivastava et al. (/4) It cannot reproduce BaP
observations over both cases either, with a very similar performance as the Kahan scheme
(the slowest) (Fig. 2B).

By unifying the impact of temperature and RH on diffusivity and reactivity under an
elaborate kinetic framework (Fig. 1B), the ROI-T scheme solves the problem with
changing BaP degradation rates in response to the changes of environmental conditions
(Fig. 1A). Under the new scheme, the hot/humid conditions increase the
diffusivity/reactivity and the BaP degradation rate, while it is the other way around in the
cold/dry environment. Compared with the Kwamena scheme, our ROI-T scheme leads to
reduced BaP concentrations at the Xianghe site and elevated BaP concentration at the
Gosan site, finally showing good agreements for both cases. The changes in both
diffusivity and chemical reactivity contribute to the changes of degradation rate in the new
ROI-T scheme. To decouple their effects, we perform sensitivity studies by turning on/off
temperature/RH dependence of diffusivity. At the Gosan site, a fixed degradation rate in
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ROI-T scheme at room temperature 296 K leads to an underestimation of BaP
concentration by a factor of 3. Further tests show that the temperature/RH induced change
of diffusivity would account for ~ 50% of the improvement in the predicted BaP
concentrations while the change of reactivity further contributes to the rest of the ~ 50%
(as shown by the comparison between "ROI-T at 296 K" and "ROI-T with fixed
diffusivity" cases in Fig. S1).

East Asia outflow

As one of the largest source regions, the outflow of BaP from East Asia to the downwind
regions and remote Pacific Ocean is of international concern (28, 29). Figure 3A and 3B
show a typical outflow transport of BaP from East Asia in winter (24 February 2003).
With the Kwamena scheme, most BaP is bounded in the boundary layer due to fast
degradation with an average lifetime of ~ 2 to 3 hours throughout the whole domain (Fig.
S2), resulting in very low concentrations above 1 km (Fig. 3A). The decrease of
degradation rate resulting from the change in temperature and RH during air mass rising
(see temperature and RH distribution in Fig. S3) is, however, not accounted for. Even
when BaP is able to escape out of the boundary layer by large-scale advections associated
with cyclones or by convections in mid-latitudes (i.e. 35-45° N), fast degradation limits
dispersion and transport of BaP to the vicinity of the source region. Thus, the transport of
BaP with the Kwamena scheme is constrained within the boundary layer and the long-
range transport impacts are limited.

The ROI-T scheme shows a different spatial distribution and transport pathway of BaP,
with more BaP distributed at higher altitude. This is because low temperature reduces OA
diffusivity and reaction rate of BaP with ROI ("freezing effect", see 3-D degradation rate
k in Fig. S2) and thus leads to a much longer lifetime of BaP above 1 km (~ 2 to 3 hours to
more than 20 days, Fig. S2), making transport in the free troposphere an efficient pathway.
Compared with the Kwamena scheme, 15 times more BaP is lifted by frontal activities and
convection to middle-troposphere, where strong westerlies/jets cause a fast transport of the
plumes to downwind areas (Fig. S5-S6 and Text S2) and towards polar region, resulting
in much stronger global impacts. At the cross section of 126° E (Fig. 3A-3B), the BaP
outflow towards the ocean shows a maximum zonal net flux of ~ 35 ng m? s™ in the ROI-
T scheme but only ~ 10 ng m? s in the Kwamena scheme (Fig. S4A-S4B). It is also clear
that the vertical center of the BaP column mass in the ROI-T scheme is higher than that in
the Kwamena scheme, i.e., ~ 0.6 km and 0.3 km, respectively (Fig. S4C-S4D).

Transport to the Arctic

BaP emitted in source regions can undergo intercontinental transport, allowing them to
distribute and accumulate even in the polar regions (7, 30). The concentration level of BaP
in the Arctic arouses high interest, because BaP is not only a good indicator of human
contamination (30), but also responsible for the severe bioconcentrate effect in the Arctic
(31) where the ecosystem is most vulnerable, bioaccumulation along marine and terrestrial
food chains (3/-33). As shown in the East Asia outflow case, the "freezing effect" may
make the intercontinental transport of BaP from source regions to the Arctic at high
altitude or low temperature region more efficient than previously thought.
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As shown in Fig. 3C-D, BaP in the Arctic is mainly transported from Europe, North
America and Asia, similar to long-lived halogenated pollutants (34). The 20072009
average total meridional net flux of BaP towards the Arctic (integrated over 1000—10 hPa
at 65° N) is 1.97 ng m 2 s™! with the ROI-T scheme, but only 0.12 ng m™ s with the
Kwamena scheme (Fig. S4E), which is about 16 times lower. The larger fluxes of BaP
with the ROI-T scheme can be attributed to a longer lifetime of BaP caused by the
"freezing effect" (Fig. S2), as the pollutant is transported significantly higher. The average
vertical center of the BaP column mass transported across 65° N during 20072009 is 2
km for the ROI-T scheme but only 0.5 km for the Kwamena scheme. (Fig. S4F), showing
a difference in height more prominent than in the East Asian outflow case.

Discussion
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The strong temperature/RH effects on fate and global transport of BaP advance the
understanding and challenge the traditional view of modeling the multiphase degradation
of reactive pollutants (e.g., BaP) in organic aerosols. In warm/humid environments (e.g.,
tropical rainforests), aerosol particles tend to be liquid, while in cold environments,
aerosols are found to be in an amorphous solid phase, most probably glassy state (/2). The
phase state and degradation rate of BaP may vary largely depending on temperature/RH
and hence the season (summer vs winter), altitude (surface vs high altitude) and latitude
(tropical vs polar) (Fig. 4). It also emphasizes the importance of higher altitude or cold
season/region pathway for the long-range transport, i.e., the low temperature helps OA
and reactive compounds within it survive from the multiphase chemistry, remaining un-
degraded and being transported further.

The ROI-T scheme is based on the kinetic data observed on the ozonolysis of BaP
coated by a-pinene SOA. Recent studies have suggested that a-pinene SOA is less viscous
than aromatic SOA and is more viscous than isoprene SOA (35, 36). SOA particles are
also often internally mixed with inorganic components, which may affect particle phase
state, non-ideal mixing and morphology and hence the multiphase reaction rates (37).
Therefore, the effects of different SOA precursors and inorganic interactions should be
further explored. Partitioning of PAHs to other organic aerosols such as bioparticles is less
efficient than to liquid and semi-solid SOA (38). The presence of more viscous
bioparticles will lead to less reactive PAHs and therefore an even higher long-range
transport potential.

The large impact of temperature/RH on the diffusivity/reactivity is not limited to the
degradation of BaP but has general implications for all kinds of multiphase reactions in
aerosols, clouds and fog droplets relevant for atmospheric chemistry and transport
(9,12,39,40). The impact is particularly important for the northern hemisphere where
efficient large-scale advection/convection associated with cyclones and strongest
anthropogenic emissions exist. Our results demonstrate that it is important to perform
laboratory kinetic studies on the large temperature/RH span relevant for atmospheric
conditions. Our modeling scheme provides an advanced physicochemical based
framework for the representation of multiphase reaction in atmospheric models and can be
readily modified to include other hazardous air pollutants and OA species once the kinetic
data are available.

Materials and Methods
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M1. Model Setup

The ROI-T scheme is incorporated as a look-up table (Table S3) into two state-of-the-
art models with BaP extension for further application.

Regional model

The open source community model WRF-Chem (Weather Research and Forecasting
model coupled with Chemistry), an “online” regional model with coupled meteorology
and chemistry (41,42), has higher spatial resolution and advantages in determining the fine
structures of transport process, especially the vertical transport within and out of the
boundary layer. The PAH extension is based on the model version 3.6.1.

The physics schemes of the regional WRF-Chem model used here are as follows (42):
microphysics and cumulus parameterizations follow the Purdue—Lin scheme and the Grell
3D ensemble scheme, respectively. The longwave and shortwave radiation are calculated
by the online rapid radiative transfer model and the Goddard scheme, respectively. The
planetary boundary layer is based on the Mellor—Yamada—Janjic scheme, along with the
Eta Similarity surface layer scheme. The implemented air-soil gas exchange is coupled
with the Noah Land Surface Model. Photolysis rates use the Fast-J photolysis scheme. As
for the chemistry schemes, the Regional Atmospheric Chemistry Mechanism (RACM) is
used for homogeneous gas-phase reactions. The aerosol module includes the inorganic
fraction Modal Aerosol Dynamics Model for Europe (MADE) and organic fraction
Secondary Organic Aerosol Model (SORGAM).

Global model

The global model EMAC (ECHAM/MESSy Atmospheric Chemistry) covers
intercontinental transport, such as from source areas to the Arctic. It is a combination of
the ECHAMS general circulation model (43) and MESSy (Modular Earth Submodel
System, version 2.5) (44). MESSy provides infrastructure to couple the base model
ECHAMS and different components (or submodels) that represent various processes of the
Earth system.

The model simulations include the following MESSy submodels (44): CLOUD
describes cloud scheme and precipitation. Convection parameterization and radiation are
in submodels CONVECT and RAD. Air-sea exchange is parameterized by AIRSEA. Wet
and dry depositions are described by SCAV and DDEP. Prescribed emissions are
calculated by OFFLEM while online emissions by ONLEM. As for chemistry, MECCA is
responsible for gas-phase chemistry, JVAL takes care of photolysis rate, and GMXe is the
submodel for aerosol microphysics and semi-volatile inorganic partitioning.

Simulation

We perform regional (global) simulations at a grid spacing of 27 km x 27 km (1.9° x
2.5°) with 39 (19) vertical levels from the surface to 100 hPa (10 hPa). Simulations are
conducted during 11-22 July 2013 for Xianghe case and 14-25 February 2003 for Gosan
case over East Asia domain (15-55° N, 95-155° E) by the regional model, and 2007-2009
for mid-latitude and Arctic sites by the global model, respectively.

M2. BaP extension

The following processes of BaP are included: emission, gas-particle partitioning, gas
phase and multiphase reactions, air-soil gas exchange, wet and dry depositions.

Emissions

Anthropogenic BaP emissions are re-gridded from a 0.1° x 0.1° global annual PAH
emission inventory, with 69 detailed source types (45). Monthly variation is based on BC
emission seasonality of HTAP v2.2 (46). For regional simulations, annual scaling factors
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(45) and diurnal cycle (following BC) of the PAH emissions are also applied. Biogenic
contributions to PAH emission have been neglected.

Gas—particle partitioning

Gas—particle partitioning of BaP used in the regional model follows an equilibrium
partitioning expression which accounts for absorption into organic matter and adsorption
onto black carbon (47,48). In the global model, polyparameter linear free energy
relationships are applied which account for BaP absorption into organic matter and
adsorption to soot and inorganic salts (38).

Gas-phase reaction

The second-order rate coefficients for reactions of gaseous BaP with OH, NO;, and O,
are 1.5x107'°, 5.4 x 107" and 2.6 x 107" cm® molec™ s, respectively (49).

Wet/dry depositions

The original regional/global model routines have been adapted to include the deposition
of gas-phase and particulate-phase BaP using corresponding deposition parameterizations.

Air-soil gas exchange

Air-soil gas exchange of BaP is parameterized (50) based on air/soil concentrations and
properties of BaP. The concentrations of BaP in soil are initialized by the global
multicompartmental model ECHAMS-HAM: BaP has been simulated globally over 10
years with 2.8° x 2.8° horizontal resolution (57). A steady state of BaP concentrations in
the soil compartment is safely reached.

M3. KM-SUB model

The kinetic multi-layer model of aerosol surface and bulk chemistry (KM-SUB) treats
mass transport and chemical reactions at the surface and in the particle bulk (24). KM-
SUB is composed of the following compartments: gas phase, near-surface gas phase,
sorption layer, quasi-static surface layer, near-surface bulk layer, and a number of bulk
layers. The model resolves the following processes explicitly: gas-phase diffusion,
reversible adsorption of Os, surface reaction involving decomposition of O; and formation
of long-lived reactive oxygen intermediates (ROI), bulk diffusion of O; and BaP in OA
coating, and bulk reaction between O; and BaP. Note that heat transfer is not treated in the
model as heat released by trace gas uptake and reactions can be efficiently buffered by the
ambient gas and does not lead to a substantial increase of particle surface temperature
(52). KM-SUB can simulate the evolution of species at the particle surface and in the
particle bulk, along with surface concentrations and gas uptake coefficients. Core-shell
morphology is assumed with an organic phase embedding BaP as particle shell and an
inorganic phase as particle core (37). The required kinetic parameters are summarized in
Table S2 and the values are based on previous studies of KM-SUB applications to
experimental data of Zhou et al. (/7).

The ROI-T considers the temperature dependence of bulk diffusivity and chemical
reactivity. The diffusion coefficients of ozone and PAH are assumed to decrease by one
order of magnitude upon a decrease of temperature by 10 °C based on the Vogel-Fulcher-
Tamman approach (26, 35). Temperature-dependence of rate coefficients & is considered
by the Arrhenius equation using the activation energies of surface reactions as listed in
Table S2. KM-SUB simulations are conducted in the temperature range of -20 — 40 °C
with gas-phase ozone concentrations of 0 — 200 ppbv. The obtained first-order decay rate
of PAH is then fitted with the Hill equation as shown in Table S3, so that the
parameterizations can be efficiently incorporated in regional and global transport models.

M4. Observational data of BaP
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The near-source observation data of BaP was collected at the Xianghe Atmospheric
Observatory (39.80° N, 116.96° E). The Xianghe site is a sub-urban site locating 45 km
southeast of Beijing and 70 km northwest of Tianjin. Particulate- and gas-phase samples
were collected for daytime (8:00 — 18:00 local time) and nighttime (20:00 — 6:00 local
time) respectively during 11-22 July 2013.

The out-flow observation data of BaP was measured at the Gosan site (33.28° N,
126.17° E) on the Jeju Island. The site was 72 m above sea level and about 100 km south
of the Korean peninsula. Gosan is a representative background station in East Asia to
study out-flow of air pollutants from land to ocean. Intensive daily measurements (8:00—
8:00 local time in the following morning) of particulate phase BaP were carried out during
a pollution period 14-25 February 2003. Details of sampling and analysis methods are
given in Kim et al. (53).

The mid-latitude observation data of BaP is taken from 18 stations of the European
Monitoring and Evaluation Programme (EMEP) (54), the Integrated Atmospheric
Deposition Network (IADN) (55) and Arctic Monitoring and Assessment Programme
(AMAP) (56). Three Arctic sites (i.e., north of 66.5° N) are: Alert in Canada (AMAP,
62.3° W, 82.5° N), Spitsbergen in Norway (EMEP, 11.9° E, 78.9° N) and Pallas in
Finland (EMEP, 24.3° E, 68.0° N). The concentration of BaP during 20072009 is
averaged over all months, with at least 1 weekly measurement reported.

395H2: Supplementary Materials

400

405

410

Text S1. Problems without considering bulk processes.

Text S2. Warm conveyor belts (WCBs) and BaP transport in Gosan winter case.

Table S1. Flow tube experiments of multiphase degradation of BaP with ozone.

Table S2. Kinetic parameters used in the KM-SUB simulation for the ozonolysis of BaP
in order to reproduce experiment results of the Zhou scheme.

Table S3. Parameterization of multiphase degradation rate for the ozonolysis of BaP.

Table S4. Comparisons of observed and predicted BaP concentrations in the regional
WRF-Chem model and the global EMAC model.

Fig. S1. Same as Fig. 2B but with 3 more sensitivity studies.

Fig. S2. Multiphase degradation rate and chemical life time.

Fig. S3. BaP concentrations and multiphase degradation rate.

Fig. S4. Net meridional mass flux and vertical center of column mass for BaP in
different cases.

Fig. S5. BaP transport due to warm conveyor belt and frontal activities associated with
mid-latitude cyclones for the Gosan winter case.

Fig. S6. A conceptual scheme of for air pollution transport due to middle-latitude
cyclone.
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Fig. 1. Kinetic scheme ROI-T. (A) First-order multiphase degradation rate coefficient k
(s) for laboratory schemes Poschl (4), Kahan (22), Kwamena (5), Zhou (/1) (Table S1)
and the kinetic scheme ROI-T at 50 ppbv O;. Vertical dashed line denotes 23 °C. (B)

615 Model framework of the multi-layer kinetic scheme ROI-T. Red arrows show the
reactions: O; is decomposed and forms ROI in the gas sorption layer, BaP reacts with ROI
between gas sorption and surface layer, and BaP reacts with O; in the bulk. Green arrows
show the RH/T-dependent mass transport: O; from gas sorption to bulk layer, BaP from
bulk to surface layer.
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Fig. 2. Comparisons of the ROI-T scheme and previous laboratory derived schemes
with observations. (A) Simulated concentrations of BaP (ng m™) by the ROI-T,
Kwamena, Kahan and Pdschl schemes at the Xianghe site, the Gosan site, other mid-
latitude sites, and the Arctic sites. The solid black line is 1:1 line of simulation and
observation. The dashed lines are fitted by respective simulations. The shaded area is
constrained by the Poschl and the Kahan schemes. (B) The ratios of simulated and
observed BaP concentrations with different schemes at the Xianghe site and the Gosan

site.
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Fig. 4. Diagram of temperature/RH effects on BaP transport in ambient air. OA
diffusivity and chemical reactivity are both reduced in response to changes in season
(summer to winter), latitude (tropical to polar) and altitude (surface to high altitude), when
OA phase state also changes from liquid to (semi-) solid phase. With a slower degradation
rate and hence prolonged lifetime, BaP can be further dispersed and transported.
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