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Abstract Mercury (Hg) is a global pollutant whose atmospheric deposition is a major input to the terrestrial
and oceanic ecosystems. Gas-particle partitioning (GPP) of gaseous oxidized mercury (GOM) redistributes
speciated Hg between gas and particulate phase and can subsequently alter Hg deposition flux. Most 3-
dimensional chemical transport models either neglected the Hg GPP process or parameterized it with
measurement data limited in time and space. In this study, CMAQ-newHg-Br (Ye et al., 2018, https://doi.org/
10.1002/2017ms001161) was updated to CMAQ-newHg-Br v2 by implementing a new GPP scheme and the
most up-to-date Hg redox chemistry and was run for the northeastern United States over January-November
2010. CMAQ-newHg-Br v2 reproduced the measured spatiotemporal distributions of gaseous elemental
mercury (GEM) and particulate bound mercury (PBM) concentrations and Hg wet deposition flux within
reasonable ranges and simulated dry deposition flux in agreement with previous studies. The GPP scheme
improved the simulation of PBM via increasing winter-, spring- and fall-time PBM concentrations by threefold.
It also improved simulated Hg wet deposition flux with an increase of 2.1 + 0.7 pgm? in the 11-month
accumulated amount, offsetting half of the decreasing effect of the updated chemistry (—4.2 + 1.8 pgm?).
Further, the GPP scheme captured the observed K ,-T relationship as reported in previous studies without using
measurement data and showed advantages at night and in rural/remote areas where existing empirical
parameterizations failed. Our study demonstrated CMAQ-newHg-Br v2 a promising assessment tool to quantify
impacts of climate change and emission reduction policy on Hg cycling.

Plain Language Summary Mercury is a toxic global pollutant and can enter the food chain through
atmospheric deposition to ecosystems. Atmospheric mercury was defined operationally in the forms of gaseous
elemental mercury (GEM), gaseous oxidized mercury (GOM) and particulate bound mercury (PBM). GEM is
relatively inert, but GOM and PBM are highly soluble and readily removed from the air via deposition. GEM
gets oxidized to GOM and GOM can be transformed to PBM through gas particle partitioning (GPP). CMAQ-
newHg-Br v2 was updated from its predecessor via implementing the most up-to-date Hg redox chemistry and a
new GPP scheme. The model improved the simulation of GEM, PBM, and Hg wet deposition. Most notably the
model reproduced the observed partitioning coefficient and temperature relationship (K,-T) and improved
nighttime and less polluted PBM simulations. CMAQ-newHg-Br v2 can be used to assess how climate change
and emission reduction policy impact environmental Hg cycling.

1. Introduction

Mercury (Hg) is a global pollutant that cycles and exchanges within and between the atmosphere, terrestrial
ecosystems, and aquatic ecosystems (Obrist et al., 2018; Zhang et al., 2009). Atmospheric Hg is operationally
defined as gaseous elemental mercury (GEM; Hg(0) in reactions), gaseous oxidized mercury (GOM), and PBM.
GEM, with a lifetime of 0.5-1 year, can be oxidized to gaseous oxidized mercury (GOM), which can further be
transformed into PBM via gas-particle partitioning (GPP) with relatively short lifetimes ranging from hours to
weeks (Schroeder & Munthe, 1998). Reactive mercury (=GOM + PBM) can be removed from the atmosphere
through wet and dry deposition, which is one major input for Hg in the oceanic and terrestrial ecosystems.
Because of the different chemical and physical characteristics of GEM, GOM and PBM, knowledge of their
transformation mechanisms with laboratory-based kinetics supported by ambient measurements is needed to
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quantify regional to global budgets of Hg. However, ambient measurements are scarce, which has been one major
impediment to the advancement of atmospheric Hg research.

GPP is an important process to the transformation among GEM, GOM and PBM. In general, only the GOM to
PBM transformation was considered because Hg(0) has a high vapor pressure of 0.18 Pa at 20°C, which makes its
sorption to particles negligible. To simplify the GPP calculation in CTMs, earlier modeling studies treated GOM
partitioning as a temperature independent process. For instance, the original CMAQ-Hg model assumes the ratio
of PBM:GOM to be 1:1 of the product of Hg + O3/OH/CI and the product of Hg + Cl,/H,0O, being entirely GOM
(Bullock & Brehme, 2002). Rutter and Schauer (2007) was the first to demonstrate the temperature dependence of
reactive mercury partition coefficients (Equations S1 and S2 in Supporting Information S1) through experiments
using dry urban aerosols and laboratory generated aerosols from ammonium sulfate and adipic acid mixed with
mercuric chloride in a temperature-controlled laboratory reactor. Other studies derived empirical coefficients (K,,)
using measured GOM, PBM and particulate matter (PM), and further regressed a K,-T relationship to quantify the
GPP process (Amos et al., 2012; Cheng et al., 2014; Zhang et al., 2019). Note that these field/laboratory
measurement-based methods calculated the partition coefficient for measured bulk GOM. Thus, the calculated
coefficient could not differentiate individual GOM species and was most likely location- and time period-
dependent. Such methods can be a source of uncertainty because of the varying chemical and physical proper-
ties of individual GOM species and largely varying environmental conditions as well as uncertainties in GOM and
PBM measurements.

Another method often used for GPP calculation is a mass transfer method, originally developed by
Schwartz (1986) to deal with two processes involved in mass transfer of gases in clouds: gas phase diffusion to the
cloud drop surface and gas-kinetic collisions at the gas-water interface. Jacob (2000) estimated uptake of gases by
dry aerosol (i.e., aerosols outside clouds) using Schwartz (1986)'s equation. However, mass transfer is driven by a
departure from equilibrium, determined by the partitioning coefficient of a specific chemical species, while
adsorption is driven by van der Waals forces and hydrophobic interactions influenced by factors such as the air
temperature, enthalpy and vapor pressure of that species, and active sorption sites of the particle surface. For Hg
GPP, studies suggested that adsorption via organic bonding sites on aerosol was a dominant pathway (Seigneur
et al., 1998). Thus, a mass transfer equation is inadequate in simulating Hg GPP. Yet, Hg modeling studies in the
current literature either used empirical formula derived from measurement data or accounted for mass transfer
processes only. For example, in simulating PBM, Shah et al. (2021) used the mass-transfer method from
Jacob (2000) together with an empirical equilibrium taken from Amos et al. (2012). To match the high upper
tropospheric GOM concentration as reported in measurement studies (Gratz et al., 2015; Lyman & Jaffe, 2012),
they assumed that the Hg(II) species outgassed from aerosols were all HgCl, and remained stable against
photolysis.

Tekran instruments have been generally deployed to measure GEM, GOM, and PBM at long-term monitoring
sites. Tekran PBM measurement data are limited for PM, s, and studies have suggested significant under-biases in
Tekran GOM measurements (Gustin et al., 2013; Jaffe et al., 2014; McClure et al., 2014). In addition, a wide
range of GOM species have been suggested by computational chemistry studies (Dibble et al., 2012; Goodsite
et al., 2012; Jiao & Dibble, 2017; Shah et al., 2021), warranting treatment of speciated GOM. Alternative ap-
proaches are thus needed to better represent the GPP process for reactive Hg species in CTMs.

To date, atomic bromine (Br) has been suggested as the dominant oxidant of Hg(0) via a two-step process with
HgBr as the intermediate (Goodsite et al., 2004, 2012; Tossell, 2003). Similar reactions were suggested to occur
with Cl and OH (Dibble et al., 2020; Donohoue et al., 2005). After the initial Hg(0) oxidation to Hg(I), Hg(I) was
further oxidized by O3, NO,, HO,, CIO, BrO to form Hg(II) (Dibble et al., 2012; Gomez Martin et al., 2022; Jiao
& Dibble, 2015, 2017; Saiz-Lopez et al., 2020). Photoreduction reactions, which convert gaseous Hg (II) and Hg
(I) back to Hg(0), were suggested to play an important role in mercury redox chemistry by Saiz-Lopez et al. (2018,
2019, 2020). A most recent study by Shah et al. (2021) implemented the most comprehensive, at the time, Hg
redox chemistry in a global CTM, GEOS-Chem, and obtained a lifetime of 5.5 months for GEM, consistent with
observations, and reproduced observed Hg wet deposition fluxes. They suggested Br and OH being comparable
Hg(0) oxidants and O; being the principal Hg(I) oxidant. Recently more experimental and computational studies
have been published, such as the first experimental reaction rate constants of HgBr + O;/NO/O, by Gomez Martin
et al. (2022), Wu et al. (2022), Lam, Wilhelmsen, and Dibble (2019), Lam, Wilhelmsen, Schwid's, et al. (2019)
BrHgO + RHe reaction and Khiri et al. (2020)'s BrHgO + CO reaction, the last two could be crucial BrHgO sinks.
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Table 1
Simulation Cases

Case Gas-phase chemistry GPP

Y2018 CMAQ-newHg-Br v1 No
BASE CMAQ-newHg-Br v1 + 38 photoreduction +35 new redox reactions Yes
NoGPP CMAQ-newHg-Br v1 + 38 photoreduction +35 new redox reactions No

New reactions and kinetic data need to be added and updated for Hg chemical mechanisms in 3-D CTMs to better
capture atmospheric redox chemistry.

In this study, we developed a new GPP scheme, which calculated the partition coefficients for individual GOM
species based on theoretical prediction of both adsorption and absorption (Pankow, 1994). We implemented the
new GPP scheme in a modified CMAQ-Hg, namely, CMAQ-newHg-Br v2, which was updated from our previous
version, CMAQ-newHg-Br (Ye et al., 2018), by adding new Hg redox reactions and updating kinetic data.
CMAQ-newHg-Br v2 was evaluated against measurement data of GEM and PBM as well as Hg wet deposition
flux from the National Atmospheric Deposition Program (NADP, https://nadp.slh.wisc.edu/). Three model
simulation cases were conducted for January-November 2010 over the northeastern US to quantify the impacts of
the new GPP scheme together with the updated chemistry.

2. Methods
2.1. Model Description and Configuration

For this study, CMAQ v5.3.2 was set up in a Lambert Conformal domain over the northeastern United States with
spatial resolution of 12 km X 12 km horizontal grids and 35 vertical layers and was run for the period of January
15th-November 30th 2010 with a 15-day spin-up. Note that we originally aimed to simulate four complete
seasons. However, the winter season of 2010 had to be reduced to 1.5 months due to the limited availability of
meteorological model simulation and the global chemical transport model, GEOS-Chem output, the latter of
which was used as initial and boundary conditions for our regional simulations. Nonetheless, our simulations did
illustrate our modified model's improved capability in cold month simulations as shown in Section 3. The domain
and resolution are identical to Ye et al. (2018). Briefly, CMAQ-newHg-Br v2 was driven by meteorological fields
simulated using the Weather Research and Forecast (WRF) model (Michalakes et al., 2004; Skamarock
et al., 2008) and were provided by the Atmospheric Chemistry and Aerosol Branch, Atmospheric & Environ-
mental Systems Modeling Division, Center for Environmental Measurement and Modeling of the US EPA. The
monthly averaged concentrations from a three-dimensional global chemistry model GEOS-Chem (Y. Zhang,
Jaegle, et al., 2012) were used as the initial and boundary conditions for our simulations as done in Ye
et al. (2018). The EPA National Emission Inventory (NEI) 2011 were used to prepare emission input using the
Sparse Matrix Operator Kernel Emissions model (Houyoux et al., 2000). The speciation of Hg emissions was
referenced in the 2005 version 4.1 platform (https://www.epa.gov/air-emissions-modeling/2005-version-41-
platform) based on 2005 NEI version 2.

The model was compiled with the multipollutant version of Carbon-Bond version 6 (CB6) chemical mechanism
(Yarwood et al., 2010), which includes updated halogen chemistry, an online photolysis, and the multipollutant
AERO6 aerosol module. Details on updated gas-phase Hg chemistry were provided in Section 2.2. A cloud
module with Hg sorption to cloud droplets was used (Pleijel & Munthe, 1995). Hg aqueous chemistry, including
photoreduction of organic Hg>™ compounds with dicarboxylic acids (Bash et al., 2014; Si & Ariya, 2008) was
used. The new air-surface exchange model, Surface Tiled Aerosol and Gaseous Exchange (STAGE) (Appel
etal., 2021) was used to calculate gas and aerosol dry deposition, as well as GEM bidirectional exchanges (Appel
et al., 2021). STAGE unifies the bidirectional and unidirectional deposition schemes using the resistance model
frameworks of Massad et al. (2010) and Nemitz et al. (2001). A brief description of STAGE can be found in
Section 3 in the Supporting Information S1. A detailed description of the Hg bidirectional model can be found in
Bash (2010).

Three simulation cases were designed as shown in Table 1. The BASE case, using the complete modified model
CMAQ-newHg-Br v2, included the most up-to-date Hg redox chemistry with a new GPP scheme. The Y2018
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case used our previously developed Hg-Br chemical mechanism from CMAQ-newHg-Br vl (Ye et al., 2018). The
NoGPP case included the most up-to-date Hg redox chemistry without the new GPP scheme. Hence the difference
between the BASE and NoGPP cases quantified the effects of our new GPP scheme, and that between the Y2018
and the NoGPP cases quantified the effects of our most up-to-date Hg redox chemistry.

2.2. Hg Gas Phase Chemistry

The Hg-Br chemical mechanism in CMAQ-newHg-Br v1 included 20 gas-phase Hg reactions and a detailed Br
chemical mechanism (Ye et al., 2018). In this study, we updated that mechanism by adding 35 Hg redox reactions
and 38 photoreduction reactions. Tables S1 and S2 in Supporting Information S1 showed all the 55 gas-phase
reactions and 38 photoreduction reactions. Three major updates to the Hg chemistry mechanism in CMAQ-
newHg-Br v2 were summarized below.

First, HgO was removed as a product of Hg(0) + O3 and Hg(0) + OH reactions since studies showed that gas
phase HgO was endoergic and unlikely to exist in gas phase (Calvert & Lindberg, 2005; Shepler & Peter-
son, 2003; Subir et al., 2011). O; was no longer employed as an oxidant to initiate Hg(0) oxidation, instead, as a
second step oxidant to react with HgBr, HgCl and HgOH to form Hg(Il) (Castro et al., 2022; Gomez Martin
et al., 2022; Saiz-Lopez et al., 2020). The first experimental rate constants measured by Gomez Martin
et al. (2022) reported as (7.5 = 0.6) X 10" 'em® molecules'(16) was used in this study. Hg(0) + OH was
implemented as one of the Hg(0) oxidation reactions to form HgOH and was further oxidized by OH, HO,, NO,,
CIO to form Hg(II) as described above and the rate constant was from Dibble et al. (2020), Jiao and Dibble (2017),
Wau et al. (2020).

Second, gas-phase Hg(I) and Hg(II) reduction reactions were added. NO,, NO and CO were added as Hg(I) and
Hg(IT) reductants (Khiri et al., 2020; Wu et al., 2020, 2022).

Third, rate constants were updated and new HgBr/HgBrO reactions added. The rate constant of HgBr + NO, was
updated based on the recent experimental work conducted by Wu et al. (2020), and the same rate constant was
used for HgCl/HgOH + NO,. For the HgBr + HO, reaction, the rate constant calculated by Jiao and
Dibble (2017) was used. A new HgBr reaction HgBr + O, was added based on Wu et al. (2022)'s most recent
experimental work. A series of hydrogen abstraction reactions of HgBrO + CH,/JHCHO and the HgBrO + C,H,
reaction, which may change the speciation of GOM, were added based on computational work of Lam, Wil-
helmsen, and Dibble (2019), Lam, Wilhelmsen, Schwid's, et al. (2019).

2.3. Gas-Particle Partitioning

The original CMAQ-Hg model (Bullock & Brehme, 2002) did not include GOM GPP for dry aerosols, but only
accounted for chemical partitioning for cloud droplets. Of all the 5 GEM oxidation reactions included, it was
assumed that half of the products of Hg + O3, Hg + Cl and Hg + OH went to solid phase, which was how PBM
was obtained through secondary pathways in CMAQ-Hg (Bullock & Brehme, 2002). According to the experi-
mental study conducted by Jones et al. (2016), Ye et al. (2018) assumed, in CMAQ-newHg-Br vl1, that the
products of Hg 4+ O5/OH reactions deposited to the Earth's surface in the first layer and were transformed to PBM
in the second layer and above.

In this study, instead of using empirical partitioning coefficients as reviewed in Introduction, a theoretical
equation (Pankow, 1994) was used to quantify GPP of individual GOM species to PBM. Equation 1 below
calculated both the adsorptive and absorptive contributions to the coefficient for GOM compound i (GOM,), K,

{(m*/pg):

K . = R Ns“tspTe% Jeem760RT 1)
P pz’i 1600 MWpgp ;100

The first term of Equation 1 calculates adsorption and the second absorption. In Equation 1, R is the gas constant
(8.314 Pa m® K' mol” in the first term and 8.206 X 10° m> atmK ! mol ™! in the second term), T'is air temperature
(K), pz,i is the vapor pressure (torr) of GOM,; as a liquid at 7, N, is the surface concentration of sorption sites
(mol cm™?), which corresponds to the surface concentration of organic aerosols (OA), a,,, is the specific surface
area for the TSP (m* g™"), Q, (KJ mol™") is the enthalpy of desorption of compound i from the adsorbing, solid
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Figure 1. Locations of 38 MDN sites (blue dots) and 9 AMNet sites (red circles).

surface, and Q, (KJ mol™") is the enthalpy of vapourization of compound i as a liquid. For absorbing material,
feeMm 1S the weight fraction of the TSP that comprise the absorbing aerosols, which was assumed to be OA
(Seigneur et al., 1998). Both N, and fpp\; were computed using model simulated variables. MWppgy, is the mo-
lecular weight of PBM, (g mol™"), and ¢; is the activity coefficient. An activity coefficient of 1 was used (Schell
et al., 2001).

At the present time, vapor pressure values are available for HgBr,, HgCl, and Hgl, only (Stull, 1947). In this
study, the lowest vapor pressure value of the three, that is, that of Hgl,, was applied to all other GOM species. The
lower the vapor pressure, the larger the GPP effect. We conducted tests using the three existing vapor pressure
values and compared simulated PBM concentrations with measured data. The results indicated that the Hgl,

vapor pressure value allowed simulated PBM concentrations in closest agreement with measurements and hence

9,0,
R

value of 10, was estimated by forcing the seasonal cycle of PBM concentrations calculated using the variables
from the NoGPP case to agree with the observed from all the AMNet sites within the model domain. Considering

it was applied in the model. In addition, due to the lack of experimental and ambient data, the

constant, a

that it was derived for all the 26 GOM species under a great range of atmospheric physical and chemical con-

ditions from the hourly output of a 11-month simulation over domain-wide locations, the estimated QIEQ" constant

was thus probably the best approximation at the present time. This constant can be replaced as soon as experi-
mental values of Q; and Q, of individual GOM species become available in the future.

2.4. Model Evaluation

Simulated ambient Hg concentrations were evaluated using available observational data of the nine sites in the
northeastern US (Figure 1) from the Atmospheric Mercury Network (AMNet; http://nadp.sws.uiuc.edu/ amn/).
The accuracy of measurements has significant influence on model evaluation and hence development. Here, our
modified model was evaluated using GEM and PBM measurement data only due to the large uncertainty of
Tekran GOM measurements (Cheng & Zhang, 2017; Jaffe et al., 2014). GEM and PBM concentrations were
measured using Tekran 2537 and 1135 with detection limits of 0.01 ng m™ and 1.0 pg m™, respectively (Gay
etal., 2013; Mao et al., 2012; Sigler et al., 2009). Units of observed GEM were converted to ppqv and 2 hr average
data were used for model evaluation. PBM measurements were only for PM, 5 (Gustin et al., 2019), and hence we
evaluated the simulated PBM for PM, 5 only.

WU ET AL.

5of 18

AsusdI] suowwo)) aanear) d[qeorjdde oyl Aq pauIdA0S a1k SA[O1IE YO 2SN JO SA[NI 10§ AIRIQIT AUI[UQ AS[IA\ UO (SUOHIPUOI-PUE-SULIS)/ W0 K[ 1M KIRIqI[auI[uo//:sd)y) suonipuo)) pue swd [, ay) 39S “[$707/50/17] uo Areiqi surjuQ L3[IM ‘€Z8E00SINETOT/6Z01°01/10p/wod Kajim Areiqrourjuo-sqndnSe,/:sdny woiy papeojumo(] ‘s ‘4207 ‘99v7Th61


http://nadp.sws.uiuc.edu/

AL . :
M\I Journal of Advances in Modeling Earth Systems 10.1029/2023MS003823
Table 2 Weekly accumulated Hg wet deposition flux measurement data from the 38

Model Evaluation Metrics for Comparing the BASE, NoGPP, and Y2018
Simulations With Measurements of Gaseous Elemental Mercury and
Particulate Bound Mercury at 9 AMNet Monitoring Sites Within the
Modeling Domain

Mercury Deposition Network (MDN; http://nadp.sws.uiuc.edu/MDNY/) sites
in the domain (Figure 1) were used for model evaluation. Simulated hourly
Hg wet deposition flux data were summed to weekly data for comparison with
observations. Hg dry deposition flux was compared with available data from

BASE Y2018 NoGPP  previous measurement and modeling studies.

GEM
Mean (ppqv)
MB (ppqv)
NMB (%)
NME (ppqv)
FB (%)

PBM
3

Mean (pg m™")

MB (pg m™>)
NMB (%)

NME (pg m™)

FB (%)

Six metrics were used for model evaluation: mean value, mean bias (MB),

157.1 152.6 157.7 fractional bias (FB), mean error (ME), normalized mean bias (NMB), and
—145 ~195 —143 normalized mean error (NME) defined as Equations S3-S7 in Supporting
—83 _11.0 79 Information S1.

0.17 0.18 0.16
90 119 _86 3. Results and Discussion

3.1. Model Evaluation

18.4 >3 >4 3.1.1. Evaluation of Ambient Concentration Simulations
11.0 0.12 0.07
186.6 123 16 Model evaluation metrics were calculated using simulated GEM and PBM
’ ’ ' concentrations and observational data from 9 AMNet sites within the domain
2.4 0.9 1.0

during January 15th—-November 30th 2010 (Table 2) and compared with other
52.8 =357 —354 CMAQ-Hg studies. The BASE and NoGPP cases had higher mean GEM

concentrations of 157 ppqv both with smaller MB, ~—14 ppqv, NMB, —8%

and FB, ~—9% than the Y2018 case did. The BASE case showed simulated
GEM concentrations closer to observations with NMB of —8% and NME of 0.17, compared to the underestimates
with NMB of —23% and NME of 0.25 from Bieser et al. (2016). Note that Bieser et al. (2016) used the original
CMAQ-Hg model with five GEM oxidation reactions (Hg + O3, H,O,, Cl,, OH and Cl). The BASE case
overestimated PBM with 187% NMB, 11 pg m~> MB, and 52% FB while our Y2018 and NoGPP cases expectedly
underestimated PBM, with ~—12% NMB, ~—12 pg m~> MB, and —36% FB.

Simulated GOM concentrations were not evaluated in this study due to uncertainties in the Tekran GOM mea-
surements. However, the magnitude of simulated GOM concentrations was put into perspective via comparison
with AMNet observations. The BASE case showed an average of 0.68 ppqv GOM versus the observed 0.48 ppqv.
Gustin et al. (2013) showed that concentrations of reactive Hg (RM) measured using their new method were two-
to three fold higher than those measured by the Tekran system, which indicated that our simulated GOM was
underestimated.

The seemingly larger deviation from observed PBM concentrations shown in the BASE case simulation was
likely attributed to the uncertainties in the parameters in Equation 1. For instance, due to the lack of experimental
and measurement parameters for GOM species, as pointed out in the Methods section, the % constant was
derived from forcing the seasonal cycle of PBM concentrations calculated using NoGPP output to agree with the
observed. In addition, the uniform application of the constant to all GOM species was a simplification that most
likely did not reflect the diverse nature of the wide range of GOM species. Simulated PBM concentrations are
anticipated to improve with the availability of experimental or ambient measurement-based values for the Q; and
Q, parameters for all GOM species.

All the three cases exhibited similar seasonal patterns with higher GEM in the winter, spring, and fall and lower in
the summer, which was consistent with observations (Figure 2a), but overestimated seasonal amplitude (=annual
maximum—minimum). Cases BASE and NoGPP performed better than Y2018 with monthly mean GEM con-
centrations showing 5-6 ppqv higher in all four seasons, closer to the observed values. Observed ground-level
PBM concentrations showed higher concentrations in January—March with a range of 1-35 pg m™>, and lower
concentrations in the summer, 0—18 pg m™>, and fall, 0—16 pg m™ (Figure 2b). In addition, simulated seasonal
amplitude was 428 pg/m>, 205 pg/m> and 185 pg/m’ for the BASE, NoGPP and Y2018 case, respectively,
compared to that of 385 pg/m> from the AMNet measurement data. The BASE case exhibited the highest con-
centrations of PBM in January, averaging 11.7 pg/m?, agreeing in both magnitude and timing with the AMNet
data displaying an annual maximum of 11.8 pg/m? in January, whereas the NoGPP and Y2018 cases showed
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Figure 2. Seasonal variations in observed (dark blue) and modeled (BASE in maroon, NoGPP in pink, and Y2018 in light
blue) hourly (a) gaseous elemental mercury and (b) particulate bound mercury.

annual maximums of 7.7 pg/m> in July. It was apparent that of all the three cases, the seasonal amplitude and
pattern simulated in the BASE case were in the closest agreement with the AMNet observations (Figure 2b).

The summertime overestimation of PBM in the BASE case probably resulted from uncertainties in the parameters
used as aforementioned, as well as overestimated PBM emissions (Holloway et al., 2012; Lin et al., 2006) and
underpredicted surface air temperature, especially in the summer months, and overpredicted RH (Yahya
et al., 2016), the latter two of which enhanced the GPP effect. The improved seasonal simulation was mainly
attributed to the new GPP scheme via increasing winter-, spring- and fall-time PBM concentrations by threefold.

A closer examination revealed that the BASE case simulated PBM concentrations at rural sites, with mean value
of 7 pg m™> and FB of 33%, better than at urban/suburban sites, with mean value of 28 pg m™> and FB of 103%.
This contrast may be ascribed to an average of 2.5°C lower temperature at the rural sites resulting in more
secondary PBM captured by the GPP scheme than at the urban/suburban sites. Unlike PBM, GEM was better
simulated by the BASE case at urban and suburban sites, with mean GEM of 171 ppqv and —1% FB, than at the
rural sites, with mean GEM of 150 ppqv and —15% FB. As GEM was influenced predominantly by emission
sources, the spatial distribution of GEM was consistent with the distribution of GEM anthropogenic emissions as
shown in Figure S1 in Supporting Information S1.

Vertical distributions of Hg species have been of great interest and remain elusive, which is one aspect that is
difficult to be reproduced by models (Mao et al., 2016; Shah et al., 2021; Ye et al., 2018). All the three cases
(Figure S2 in Supporting Information S1) showed similar vertical distributions, where GOM concentrations
increased with altitude, from <1 ppqv at the ground level to >7 ppqv near the tropopause, similar to the simulation
results of GEOS-Chem from Shah et al. (2021). Studies attributed large GOM concentrations at high altitudes to
more abundant Br radicals, lack of depositional loss, and lower temperature (Brooks et al., 2014; Gratz
et al., 2015; Lyman & Jaffe, 2012; Shah et al., 2016; Sillman et al., 2007). Aircraft measurements showed an
average of 15 ppq Hgll in the free troposphere in northern midlatitudes (Saiz-Lopez et al., 2020). Shah
et al. (2016) simulated hundreds of pg m™ GOM in the upper troposphere using GEOS-Chem. However, Shah
et al. (2021), using the same model with updated Hg redox chemistry, were unable to reproduce those values. Our
Y2018 case simulated the highest 11-month mean GOM concentration at 27 ppqv, averaged from altitudes above
10 km at noontime (Figure S2 in Supporting Information S1), whereas the NoGPP case, with the most up-to-date
chemistry, simulated about a factor of 3 lower GOM concentrations of ~10 ppqv. With the new GPP scheme in
the BASE case, simulated GOM was further reduced to ~7 ppqv. GEM of all the three cases showed similar
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Figure 3. Averaged vertical profiles of particulate bound mercury of all 9 AMNet sites at noontime from the Y2018, NoGPP
and BASE cases. The vertical profile in blue was adapted from Brooks et al. (2014).
vertical profiles with the highest GEM near the ground level and decreased with increasing height, while the
observations of Brooks et al. (2014) showed relatively constant GEM concentrations near the ground. The BASE
and NoGPP cases showed higher GEM than Y2018 at all heights (Figure S2 in Supporting Information S1). For
PBM, all our three cases did not experience the peak at 3—4.5 km shown in Brooks et al. (2014)'s 7-month
averaged measurements conducted in Tullahoma, TN, which is outside of our modeling domain (Figure 3).
3.1.2. Evaluation of Simulated Wet and Dry Deposition Fluxes
Our simulated wet deposition flux was evaluated using weekly observations from the 38 MDN sites in the domain
(Table 3). The evaluation metrics of the three cases suggested reasonable model-observation agreement compared
to previous studies (Baker & Bash, 2012; Bieser et al., 2014; Bullock et al., 2009; Horowitz et al., 2017; H. Zhang,
Table 3
Evaluation Metrics for Simulated Weekly Hg Wet Deposition Flux in the BASE, NoGPP, and Y2018 Cases, Compared With
Measurement Data at the 38 MDN Sites in the Domain
Reference Region MB FB (%) ME NMB (%) NME R?
BASE (This study) NE US —34 =21 =21 -19 —0.1 0.27
NoGPP (This study) NE US —80 —58 —66 —45 —0.4 0.25
Y2018 (This study) NE US 24 13 37 14 0.2 0.25
Bullock et al. (2009) North America —12 178 -5 0.70  0.15
Baker and Bash (2012) EUS —171-61 —45-35  121-253
Baker and Bash (2012) WwuS 210467  51-110  295-513
Bieser et al. (2014) Europe -30 36 0.91
H. Zhang, Holmes, and Wu (2016)  North America -5 0.26
Horowitz et al. (2017) North America 0.32
Zhang and Zhang (2022) North America 0.64
Note. NE US represents the Northeast US, EUS the East US, and WUS the west US.
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Figure 4. Seasonal variations in observed and simulated monthly accumulated Hg wet deposition flux during January—
November 2010 at 38 MDN sites in the domain.

Wu, et al., 2016; Zhang & Zhang, 2022). The BASE and Y2018 cases showed better simulation results, with
smaller values of MB, FB, ME, NMB and NME, for wet deposition compared with the NoGPP case (Table 3).
The comparison revealed underestimates of 19% and 5% in the BASE and NoGPP cases, respectively, and an
overestimate of 14% in the Y2018 case. Our BASE case simulated wet deposition flux, 3-15 pug m™2, was in the
similar range as that in Shah et al. (2021), 2-12 pg m™>, for the northeastern US. The underestimation in the
BASE and NoGPP cases was caused mainly by the newly added photoreduction reactions, which decreased GOM
concentrations by 34%, causing a 50% decrease in GOM wet deposition flux on average. To compare, the new
GPP scheme decreased GOM by 25% and increased PBM by 231% on average, resulting in a net increase of 52%
in Hg wet deposition flux.

Seasonal variations in wet deposition flux were reproduced by all the three cases with larger values in the spring
and summer than in the fall and winter. Our results showed that BASE case outperformed the NoGPP case in all
four seasons (Figure 4) and has a slightly better R* of 0.27 compared with observations than the other two cases
(Table 3). All three cases exhibited the highest total wet deposition in summer, agreed with observations. The
seasonal amplitude for all three cases were 2.0 pg/m?, 1.3 pg/m?, and 3.0 pg/m? for the BASE, NoGPP, and
Y2018 cases, respectively. In comparison, observations showed an amplitude of 2.6 pg/m> While Y2018-
simulated seasonal amplitude appeared to be closest to the observed, the BASE case outperformed the NoGPP
case. The BASE case underestimated Hg wet deposition flux in the spring, summer and fall by 16%, 16% and
11%, respectively, while the Y2018 case overestimated by 18%, 31% and 22%. All three cases underestimated Hg
wet deposition flux in winter by ~70%. The wintertime underestimation was also shown in Selin and Jacob (2008)
using GEOS-Chem. Two factors may contribute to the underestimated GOM. First, winter-time precipitation was
underpredicted by 34% compared to observations. Second, the average concentration of GOM simulated in the
BASE case was only 0.38 ppqv, significantly lower than the observed value of 0.60 ppq, the latter of which was
already a factor of two to three under-biased as indicated by Gustin et al. (2019).

Due to the lack of observational data, our estimates of annual Hg dry deposition flux were compared with previous
studies (Table 4). Our 11-month totals were scaled to 12 months for comparison. L. Zhang, Blanchard, et al. (2012);
L. Zhang, Wu, et al. (2016) calculated annual Hg dry deposition flux with dry deposition velocities simulated
using the Big-leaf model combined with measured Hg concentrations. Our simulated annual amounts were 7.8—
20.0, 8.9-33.0, and 13-83.3 pgm ™2 in the BASE, NoGPP, and Y2018 cases, respectively, in reasonable agreement
with the range of 5.2-26.1 pgm ™2 during 2008-2009 from L. Zhang, Blanchard, etal. (2012) and 3.1 — 18.7 pgm >
over 2009 — 2014 from H. Zhang, Wu, et al. (2016). Of all the three cases, the BASE case simulated the
lowest 11-month total Hg dry deposition, ~37% less than the highest amount in the Y2018 case, resulting from a
significant decrease in GOM, ~50%, owing to the added photoreduction reactions and GPP scheme.

3.2. Effects of Gas-Particle Partitioning

3.2.1. Effects on Speciated Mercury

The effect of the GPP scheme was quantified from the difference between the BASE and NoGPP cases, with
A = BASE-NoGPP and A in % = (BASE-NoGPP)/NoGPP x100%. The GPP scheme significantly decreased
GOM by up to 93%, that is, —20 ppqv (Figure 5a) and increased PBM by up to 1,915%, that is, 365 pg m™
(Figure 5b). A marked seasonal pattern was found with, on average, larger increases and decreases in PBM and
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Table 4

Simulated Accumulated Hg dry Deposition (ugm™2) During January—November 2010 in the Three Cases and Compared With
Estimations From H. Zhang, Wu, et al. (2016); L. Zhang, Blanchard, et al. (2012), and Litterfall Measurements From Risch
et al. (2017)

This study

Site BASE NoGPP Y2018 H. Zhang, Wu, et al. (2016) L. Zhang, Blanchard, et al. (2012) Risch et al. (2017)

MDO08  10.0 11.0 18.7 10.5 14.9 153+ 2.1
NHO06 9.8 10.7 18.0 7.7 21.2
NJOS 9.4 11.0 19.6 18.7 26.1
NY06  20.0 33.0 83.3 8.0 9.2
NY20 8.7 9.3 14.0 10.8 52 112+ 0.6
NY43 7.8 9.0 13.8 8.5 13.8
OHO02 8.3 8.9 13.1 45 13.3 18.8 £2.8
VT99 9.5 10.2 16.1 9.0 12.7 113138
WV99 124 13.7 22.6 3.1 12.2 93+10

GOM, respectively, in the winter, spring, and fall than in the summer (Figure 5b). The seasonality was mainly
driven by temperature, causing a higher tendency for GOM to be partitioned to solid phase in the colder months of
the winter, spring and fall. GEM concentrations hardly varied (Figure S5 in Supporting Information S1).

As reviewed in Introduction, current studies either parameterized GPP with measurement data or used
Schwartz (1986)'s mass transfer equation, which do not fully represent the GPP process. Our new GPP scheme
included both adsorption and absorption, and their relative importance was examined here to support our point.
Detailed analysis suggested that the inclusion of adsorption only, absorption only, or both was able to produce the
observed PBM seasonal pattern (Figure 6a). However, the magnitude was best simulated with adsorption and
absorption both included, especially in the spring and fall. The seasonal pattern of APBM (Figure 6b) resulted
from the effect of meteorological conditions, PM and OA concentrations, of which OA provided efficient bonding
sites for GOM as reviewed in Sections 1 and 2. Three salient features were shown in the seasonal variation in the
effect of GPP on PBM. First, APBM showed an opposite seasonal pattern compared to that of temperature, higher
in winter, spring and fall whereas lower in the summer, in agreement with previous studies (Amos et al., 2012;
Rutter & Schauer, 2007). Second, OA concentrations were 13% higher in the spring than in the fall, hence

50
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Figure 5. GPP-induced changes in surface (a) gaseous oxidized mercury and (b) particulate bound mercury concentrations at
the 9 AMNet sites in the model domain.
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Figure 6. Seasonal variations in panel (a) particulate bound mercury concentrations with adsorption, absorption, and
adsorption plus absorption against observations, and (b) the corresponding APBM values compared to the NoGPP case.
providing more bonding sites resulting in larger APBM. Third, the highest GPP in the spring was attributed to the
highest relative humidity in March 2010, which led to unusually high water uptake by PM conducive to larger
surface areas for adsorption (Cheng et al., 2014). Additionally, March was one of the colder months (Figure S6 in
Supporting Information S1) but with higher OA concentrations, 30% higher than the average of the other spring
months and fall months (Figure S6 in Supporting Information S1) and saw the second highest GOM concen-
trations with a monthly average of 0.41 ppqv of the BASE case (Figure S3 in Supporting Information S1).
To compare our results with the existing measurement-based parameterizations in the literature as reviewed in
Section 1, a relationship between the partition coefficient (K),) and air temperature (7)) was shown as follows
(Figure 7):
logoK," = 14.41 — 3519.29/T )
4.0
MDO8
3.5} using modeled results from the 9 AMNet site locations. Our K,-T correlation
340 showed the highest R? value, 0.84, larger than that of Rutter and Scha-
' uer (2007), and the slope and intercept values were within the ranges reported
. 2.51 by Amos et al. (2012), Rutter and Schauer (2007), Cheng et al. (2014), and
L 2.0b Liu et al. (2022) (Table 5). Note that our K,-T relationship was derived from
E &l the model simulation employing Equation 1, whereas the K,,-T relationships
E:’ ' in those three studies were derived based on field measurement data from at
1.0p best a handful of monitoring locations. The comparison (Table 5) suggested
0.5t log10(K™!) = 14.41 -3519.29/T that our theory-based approach captured the observed K,-T relationships

0.0f R*=0.84

32 33 3.4 35 36 37 38 39 40

Figure 7. Simulated temperature dependence of the partition coefficient (K,).
The black line represents the linear regression, while the two red lines
indicate the one standard deviation range. Each distinct color corresponds to
one of the nine observation sites.

without the need of measurement data. Further, we identified outliers as the
data points exceeding one standard deviation from the fitted line (Figure 7).
Most of the outliers turned out to correspond to relatively low mean PM levels
of 2.7 pg m™>, mean GOM of 0.2 ppqv and PBM of 3.0 pg m™ concentra-
tions, and 70% of the outliers occurred at nighttime, defined here as 7 p.m.-7
a.m. local time. This result indicated that the empirical formula from previous
studies could also be limited for rural to remote areas most often with lower
PM, GOM and PBM concentrations.
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Table 5

Regression Coefficients for log,, (KP_I) =a+b/T

Averaged noontime vertical distributions of AGEM, AGOM, and APBM in
percentage (Figure 8) showed that the decreasing effect of our new GPP

a

b

R2

scheme on GEM concentrations was negligible. The GPP scheme did not
Reference

14.41
101
15+2
7x1
12.69
101
8§+1

—3519.29
—2,500 = 300
—4,250 + 480
—1,710 = 380

—3485.30
—2,700 * 280
—2,100 + 230

0.84
0.49
0.77
0.49
0.55
0.45
0.31

change GEM concentrations directly but through changing GOM concentra-
This study tions. Specifically, the more GOM was transformed to PBM, the less GOM

Amos et al. (2012) was available for photoreduction back to GEM. Overall, GPP decreased GOM
Rutter and Schauer (2007) concentrations at all altitudes with two largest decreases, —50% to —40%
Rutter and Schauer (2007) captured at the ground level and ~10 km altitude. The maximum positive

Cheng et al. (2014) effect of the GPP scheme on PBM concentrations was observed at 11.4 km

altitude with an increase of 975% (Figure 8c).
Liu et al. (2022)

Liu et al. (2022) 3.2.2. Effects on Hg Deposition

Effects of GPP on monthly accumulated Hg wet deposition fluxes at 38 MDN
sites and dry deposition fluxes at 9 AMNet sites were quantified in the domain (Figure 9). GPP increased monthly
accumulated Hg wet deposition flux by 52%, offsetting the decreasing effect of —46% from the updated chem-
istry. As discussed in Section 3.2.1, GPP decreased GOM, increased PBM, and hardly changed GEM concen-
trations, leading to a GOM wet deposition change of —66%—175%, and PBM wet deposition flux change of 12%—
2096%. The overall effect of GPP on Hg wet deposition flux was dominated by an increase of 1,167 ng m™2, that
is, 335%, in wet deposition flux of PBM. The composition of Hg wet deposition changed from GOM and PBM
comprising 86% and 13%, respectively, of total wet deposition flux in the NoGPP case to 38% and 62% in the
BASE case. The decreases (increases) in GOM (PBM) wet deposition flux caused by the GPP scheme were larger
in the spring and fall than in the summer (Figure 8a). As a result, stronger effects on the total (GOM + PBM) wet
deposition flux were simulated in the spring, —37%—270%, than in the fall, —62%-164%, and summer, —29%—
131%. However, the winter season did not show the largest Hg wet deposition change, which probably due to
underpredicted snow amounts and GOM concentrations, as discussed in Section 3.1.2 Model Evaluation. While
no distinct seasonal patterns were shown for changes in GOM and total Hg dry deposition flux, PBM dry
deposition was increased by 385%, 248%, 221%, and 51% in the spring, winter, fall, and summer, respectively, in
accordance with the seasonal patterns of APBM determined with the GPP scheme.
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Figure 8. Modeled vertical profiles of percent changes in panel (a) gaseous elemental mercury, (b) gaseous oxidized mercury,
and (c) particulate bound mercury concentrations caused by the new gas-particle partitioning scheme. A% = (BASE—

NoGPP)/NoGPP x 100%
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Figure 9. Percentage changes, caused by the gas-particle partitioning scheme, in modeled monthly accumulated gaseous oxidized mercury, particulate bound mercury,
and total (a) wet deposition flux at the 38 MDN sites and (b) dry deposition flux at the 9 AMNet sites.

3.3. GPP Versus Updated Chemistry

To put the effects of the new GPP scheme in perspective, the effects of the updated chemistry on Hg species as
well as Hg wet and dry deposition fluxes were quantified. The effects of the updated chemistry were the difference
between the NoGPP and Y2018 simulations, denoted as A = NoGPP-Y2018; A in % = (NoGPP-Y2018)/Y2018
(Table 6). On average, while GPP decreased GOM by 25%, 0.47 ppqv and increased PBM concentrations by
231%, 10.8 pg m >, the updated chemistry increased GEM by 4%, 5.2 ppqv, decreased GOM by 34%, 0.41 ppqv.
Different from that of GPP, the effect of the updated chemistry was larger in the summer than in the spring and fall
(Figure S7 in Supporting Information S1). The updated chemistry had overall decreasing effects on Hg wet and
dry deposition fluxes, while GPP decreased Hg dry deposition flux but increased Hg wet deposition flux. On
average, the GPP scheme increased the 11-month accumulated wet deposition flux by 2.1 (£0.7) pgm™2, half the
decreasing effect of the updated chemistry by —4.2 (+1.8) pgm™2. The GPP scheme had comparable decreasing
effects, which is —2.1 (+4.0) pgm™2 on dry deposition flux as the updated chemistry did, —3.5 (+1.7) pgm ™2

Vertically, the decreasing effect of the updated chemistry on GOM strengthened with increasing altitude and
peaked in the upper troposphere (Figure S8 in Supporting Information S1), a pattern similar to that of GPP, but its
magnitude, which was —66% to —42% was significantly stronger than that of GPP, —46% to —11%. Saiz-Lopez
etal. (2018)'s calculations showed that most Hg(II) absorbed UV-VIS of 160-220 nm, which should happen more
readily at higher altitudes with stronger radiation fluxes at such wavelengths. The updated chemistry changed the
magnitude of GEM and GOM concentrations at all altitudes without changing the vertical pattern compared to the
Y2018 case.
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Table 6

Site-Averaged Changes in Gaseous Elemental Mercury, Gaseous Oxidized Mercury, and Particulate Bound Mercury
Concentrations, and 11-Month Accumulated Dry and Wet Deposition Changes Caused by Gas-Particle partitioning, Defined
as BASE — NoGPP and Updated Chemistry, Defined as NoGPP-Y2018

GPP Updated chemistry

Absolute Percentage Absolute Percentage

Speciated Hg
AGEM (ppgv) —2-10 —1%-1% 0-18 0%-15%
AGOM (ppgv) —15-0.3 —97%—62% -3.3-0 —78%—1%
APBM (pgm ™) —5-257 —92%-1,750% —0.3-0.2 —15%-10%
Deposition (ugm™>)
ADry Deposition —13.3t0 —0.3 —56% to —6% —6.3 to —0.8 —38% to —17%
AWet Deposition 1.1-3.7 26%—66% —114t0—1.8 —61% to —38%

All the three cases showed similar vertical distributions while only the Y2018 case was able to capture the high
free tropospheric GOM concentration of 15 ppqv averaged from aircraft measurements (Saiz-Lopez et al., 2020;
Sillman et al., 2007) (Figure S2 in Supporting Information S1), as shown in Section 3.1.1 Model Evaluation. All
the three cases simulated the highest GOM concentrations at the tropopause (Figure S2 in Supporting Infor-
mation S1). As for GEM, the vertical profiles from the aircraft measurements were captured near the surface by all
the three cases, the highest concentrations simulated by NoGPP, with a larger decreasing trend as altitude
increase.

4. Summary

In this study, a theory-based GPP scheme was developed and, together with the most up-to-date mercury redox
chemistry, implemented in CMAQ-newHg-Br v2. Model evaluation against NADP measurement data demon-
strated that CMAQ-newHg-Br v2 was able to simulate observed spatiotemporal variations in GEM and PBM
concentrations as well as Hg wet deposition flux within reasonable ranges. Simulated dry deposition flux was in
close agreement with previous studies. Overall, GPP decreased surface GOM concentrations by
25 + 23%,0.47 + 1.54 ppqv and increased PBM by 231 + 240%, 10.9 + 28.8 pg m ™~ while the updated chemistry
decreased GOM by 34 + 14%, 0.41 £ 0.38 ppqv with slight effects on GEM 3.6 + 2%, 5.1 £+ 2.8 ppqv and PBM
1.4 + 6.7%, 0.04 + 0.6 pg m . The new GPP scheme improved the simulation of PBM seasonal variations and
captured a significant fraction of secondary PBM while the updated chemistry improved the simulation of GEM.
The new GPP scheme better captured the observed K,,-T relationship than the existing methods in the literature
likely for rural to remote areas and nighttime periods. Of all the three cases, the BASE case performed the best in
simulating Hg wet deposition flux owing to the new GPP scheme. The effect of GPP on Hg concentrations and
depositions was strong in the winter, spring and fall while the updated chemistry in the summer. Together these
two could have significant impacts on Hg cycling throughout the simulation period. It should be noted that the
underestimation of GOM concentrations as well as Hg wet deposition flux indicated insufficient GOM production
and missing GEM oxidation pathways. The initial and boundary conditions from the global model GEOS-Chem
could induce uncertainties because of inconsistencies between the two different models. Moreover, there
remained large uncertainties in the kinetics data used; a large fraction of the reactions and rate constant were from
computational calculations with no support from in-situ measurement or lab experiment data. However, this
modified model demonstrated a promising capability to better quantify atmospheric mercury sources and sinks
and will be useful to assessments of the efficacy of anthropogenic emission control and the impact of climate
change on atmospheric Hg cycling, which is an important component of the Minamata Convention.

Data Availability Statement

The CMAQ-5.3.2 source code used for simulation is freely available at https://www.cmascenter.org/cmaq/. The
observational ambient Hg data used for model evaluation in the study are available at the AMNet website via
https://nadp.slh.wisc.edu/networks/atmospheric-mercury-network/. The observational Hg wet deposition data
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