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Abstract. Atmospheric dry deposition constitutes a major pathway of terrestrial mercury (Hg) loading globally, yet estimates
of its fluxes remain highly uncertain, particularly in regions with elevated particulate matter (PM) concentrations. This study
employed long-term surrogate surface measurements to characterize speciated atmospheric Hg deposition at an urban site in
eastern China. Over the period of July 2020 to June 2021, measured total atmospheric mercury (TAM) dry and wet deposition
fluxes amounted to 29.19 and 7.29 ug m 2 yr'!, respectively, corresponding to a dry-to-wet ratio of 4.0. The observed gaseous
oxidized mercury (GOM) dry deposition flux over the same period accounted for 17% of the total dry deposition. These refined
flux measurements provided observational constraints for speciated Hg dry deposition modeling. Applying a site-specific
correction factor of 2.21 to denuder-based GOM concentrations avoided a 46% underestimation of the mean GOM dry
deposition flux. The explicit inclusion of coarse particulate-bound mercury (PBM) increased the deposition velocity by a factor
of 4.5, and revealed that coarse particles accounted for 80% of total PBM dry deposition. Replacing the reference leaf area
index (LAI) with site-specific values reflecting local vegetation phenology better captured bidirectional gaseous elemental
mercury (GEM) exchange, including net emission during certain summer periods. The refined simulations further showed that
PBM and GEM co-dominated Hg dry deposition at this site, unlike many less PM-polluted regions where GEM plays a more
dominant role. This observationally constrained framework improves speciated atmospheric Hg dry deposition modelling and

reduces uncertainty in global Hg budget estimates.
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1 Introduction

Since the Minamata Convention entered into force in 2017, the focus of global mercury (Hg) research has shifted from
characterizing emissions and atmospheric levels to evaluating the measurable environmental benefits of emission control
measures (Evers et al., 2016; UN Environment, 2019). Atmospheric deposition flux observation and simulation provide a
direct linkage between atmospheric Hg loading onto terrestrial and aquatic ecosystems, where deposited inorganic Hg may be
retained, transformed into methylmercury, and subsequently bioaccumulated through food webs (Driscoll et al., 2013; Lyman
et al., 2020). Therefore, evaluation and improvement of Hg deposition flux measurement and modeling methods are essential
for closing regional Hg budgets and assessing the ecological responses to Hg emission reductions (Obrist et al., 2018; Selin et
al., 2018). Compared with atmospheric Hg concentration and wet deposition measurements, however, Hg dry deposition flux
remains less constrained (Zhang et al., 2019).

Atmospheric Hg is commonly operationally classified into gaseous elemental mercury (GEM), gaseous oxidized mercury
(GOM), and particulate-bound mercury (PBM) (Schroeder and Munthe, 1998; Driscoll et al., 2013; Gustin et al., 2016; Wright
et al., 2016). GEM generally accounts for more than 90% of total atmospheric Hg with a relatively long atmospheric lifetime,
from several months to more than one year, owing to its low solubility and low chemical reactivity (Schroeder and Munthe,
1998; Lindberg et al., 2007; Wright et al., 2016). By contrast, GOM and PBM are more readily removed from the atmosphere
through wet and dry deposition because of their higher solubility and reactivity, with atmospheric lifetime of hours to days for
GOM and days to weeks for PBM (Schroeder and Munthe, 1998; Lindberg et al., 2007; Driscoll et al., 2013; Lyman et al.,
2020). These differences in speciation strongly regulate the magnitude and spatiotemporal pattern of Hg deposition, as well as
the relative importance of wet and dry deposition pathways (Zhang et al., 2019).

Hg wet deposition can be quantified directly by measuring Hg concentrations in rainfall and precipitation depth, and long-
term monitoring networks have provided valuable constraints on regional wet Hg loading (Prestbo and Gay, 2009; Sprovieri
et al., 2017). Dry deposition flux, on the other hand, is more difficult to measure because of its dependence on near-surface
turbulence, land-cover characteristics, Hg speciation, and surface exchange processes (Zhang et al., 2009; Wright and Zhang,
2015). Micro-meteorological methods, dynamic flux chambers, and surrogate surfaces have been adopted for measuring Hg
dry deposition fluxes, but their wider application is limited by high instrumental costs, dependence on chamber designs, and
surface material representativeness, respectively (Wright et al., 2016; Zhang et al., 2019; Lyman et al., 2020). The surrogate
surface approaches are more poised for wide application in evaluating the effectiveness of the Minamata Convention, given
their low costs and ease of standardization (Gustin et al., 2024). The Aerohead samplers with cation exchange membranes
(CEMs) are the most promising method for determining GOM dry deposition fluxes (Lyman et al., 2009; Huang et al., 2012;
Huang and Gustin, 2015a; Gustin et al., 2024). The artificial turf surrogate surface (ATSS) is designed to measure bulk dry
deposition flux of the total atmospheric mercury (TAM = GEM + GOM + PBM) (Hall et al., 2017). However, a key limitation
of the ATSS method is that it does not include the process of stomatal GEM uptake by plant leaves, since the artificial turf has
no stomata (Sommar et al., 2013; Huang et al., 2014; Gustin et al., 2024).
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While observations are essential, they only provide snapshots at discrete locations. Understanding long-term, region-wide
patterns requires improved process-based modeling of speciated atmospheric Hg dry deposition (Zhang et al., 2023). The basic
principle of dry deposition flux models is to multiply atmospheric Hg concentrations by their corresponding deposition
velocities (Seigneur et al., 2004; Zhang et al., 2009; Zhang et al., 2012; Wright and Zhang, 2015; Wright et al., 2016; Zhang
et al., 2016). For GOM dry deposition estimation, the primary uncertainty arises from ambient concentration measurements,
as the widely used denuder-based monitoring systems may underestimate GOM under the interferences from atmospheric
constituents such as ozone and water vapor (Lyman et al., 2010; Huang and Gustin, 2015b; Gustin et al., 2019). For PBM,
because coarse particles have higher gravitational settling velocities and contribute substantially to dry deposition, routine
measurements that represent only fine PBM may introduce site- and season-dependent biases when a fixed coarse-particle
fraction is assumed (Fang et al., 2012; Feddersen et al., 2012; Zhang et al., 2016). For GEM, net deposition is inherently
difficult to quantify because deposited GEM can be re-emitted from surfaces, necessitating the application of bidirectional
exchange models which are parameterized by surface Hg compensation points, land cover types, and leaf area index (LAI)
(Wright and Zhang, 2015; Zhang et al., 2016; Zhu et al., 2016; G. Zhang et al., 2021).

Global efforts have been made to evaluate the effectiveness of the Minamata Convention, such as the Multi-Compartment
Hg Modeling and Analysis Project (MCHgMAP) (Dastoor et al., 2025). However, a lack of atmospheric Hg dry deposition
observations limits the mechanistic optimization and observational constraint of the dry deposition schemes in Hg chemical
transport models. Observation and refined simulation remain critically scarce in East Asia where elevated anthropogenic
emissions, complex aerosol pollution, and strong seasonal meteorological variations may substantially affect Hg speciation
and deposition processes (Fu et al., 2016; Zhang et al., 2019; Tang et al., 2020; Lyman et al., 2020). As part of the Speciation
and Transformation of Atmospheric Mercury in a Polluted region (STAMP) campaign (Zhang et al., 2024; Wang et al., 2026),
long-term observations of GOM and TAM dry deposition fluxes, as well as Hg wet deposition flux and speciated ambient Hg
concentrations, were measured in this study at an urban site in eastern China. The objectives of this study were to: (1)
characterize the wet and dry deposition fluxes of atmospheric Hg; (2) evaluate the performance of existing Hg dry deposition
models against field observations; and (3) improve model estimates with better parameterization schemes. This study fills a
critical gap in atmospheric Hg deposition research in East Asia and offers an updated deposition flux modeling framework to

support the effectiveness evaluation of the Minamata Convention.

2 Materials and methods
2.1 Site and campaign description

Field sampling for this study was conducted on the rooftop of the School of Environment building at Nanjing University (NJU,
32.117 °N, 118.954 °E, 28 m above sea level), located in northeastern Nanjing and operationally defined as an urban site. As
one of the most economically developed cities in eastern China, Nanjing is characterized by a dense population, developed

industries and high emissions of air pollutants. The city exhibits a subtropical monsoon climate with pronounced seasonal

3
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variations, as well as relatively high rainfall levels throughout the year. As part of the STAMP campaign conducted from
summer 2018 to summer 2021 with a gap during the COVID-19 pandemic, GOM and TAM dry deposition fluxes were
measured by the surrogate surface methods. Daily precipitation samples were collected and analyzed for Hg concentration.
Moreover, we employed offline measurements of reactive mercury (RM = GOM + PBM) and size-fractionated PBM, and

online monitoring of PMs, PM1o and meteorological parameters.

2.2 Sampling and analytical methods
2.2.1 Sampling methods for Hg deposition fluxes

In this study, GOM and TAM dry deposition fluxes were measured by surrogate surfaces with CEMs (Pall Corporation, P/N
MSTGS3R) and artificial turfs (Astro Turf ®, Grass Worx, LLC), respectively. Three aerodynamic polyoxymethylene disks
(triplicate Aerohead samplers) were deployed with CEMs. The configuration of the samplers was designed to avoid air
turbulence. The membranes were exposed to the ambient atmosphere through the circular opening (115 mm in diameter) at
the base of the sampler, thus preventing contamination by rainwater or particle deposition (Lyman et al., 2009). The majority
of the sampling process was completed within a time frame of approximately one week, with a range of 6-14 days. A total of
98 cycles of samples were collected in the study. Triplicate turf sampling devices were deployed (Hall et al., 2017), with each
consisting of two layers. The upper layer was the artificial turf and the lower layer was the runoff sampling bottles, which were
connected by a connector in the middle. During precipitation events, the runoff from the artificial turf is collected in the lower
bottle, and subsequent analysis of the turf and the penetrating water is conducted for Hg content to calculate the total deposition
flux of TAM. A total of 73 samples were collected during the observation period of the study. Daily precipitation samples for
Hg wet-deposition measurements were collected using an APS-3B automatic precipitation sampler (Changsha Xianglan
Scientific Instrument Co., China). A sampling day was defined from 09:00 to 09:00 the following day. Three replicate samples
were prepared for each collection. A total of 297 precipitation samples were collected from November 2018 to July 2021,

except from January to June 2020, when precipitation sampling was suspended because of COVID-19 control measures.

2.2.2 Analytical methods for membrane and liquid samples

Membrane, turf, and liquid samples were analyzed in accordance with the U.S. EPA method 1631 (Revision E). Hg in solid
samples was dissolved using bromine monochloride (BrCl) (6% (v/v) for membrane samples, and 4% (v/v) for turf), and liquid
samples were prepared by adding 0.5% (v/v) BrClI. The solutions were transferred to glass vials with a volume of 40 mL.
Hydroxylamine hydrochloride (NH,OH-HCI) and stannous chloride (SnCl) were then added in sequence, followed by a brief
period of shaking. Hg in the solutions was measured using the Tekran 2600 system. The r? values of the calibration curve
exceeded 0.999 for each analysis.

For GOM, the dry-deposition flux was calculated from the Hg mass collected on the CEM:
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Feom = ﬂ 1)
AT

where Fgowm is the GOM dry deposition flux ng m™2 h™*; M is the mass of Hg collected on the CEM (ng); A is the membrane
area directly exposed to the atmosphere (approximately 0.0104 m?); and T is the sampling duration (h).
For TAM, the dry deposition flux was calculated as:
M arss + Myougn = M
AT

where Framry) is the TAM dry-deposition flux (ng m™2 h™); Marss is the mass of Hg retained on the artificial turf (ng);

rain (2)

Fram ary) =

Mtnrough 1S the mass of Hg in the runoff collected beneath the turf (ng); Min is the mass of Hg contained in an equivalent volume
of ambient precipitation during the corresponding sampling period (ng); A is the projected surface area of the artificial turf
(m?); and T is the sampling duration (h).

The annual or seasonal volume-weighted mean (VWM) Hg concentration was calculated by:

Zn:Ci x PD; 3

VWM =2

> PD,
where Cj and PD; are the Hg concentration (ng L) and precipitation depth (mm) of precipitation event i, respectively.
The annual or quarterly wet deposition flux was calculated by:

n

Fue =Y C, x PD, )
i=1

where Fyet is the total Hg wet deposition flux over a period of time.

2.2.3 Online monitoring methods

Speciated atmospheric Hg was measured by the Tekran 2537X/1130/1135 system at a 2-hr operating cycle (L. Zhang et al.,
2021). During the first half of each cycle, GEM was sampled and analyzed by cold vapor atomic fluorescence spectroscopy
(CVAFS) at a temporal resolution of 5 min, while GOM and PBM were collected with KCI-coated denuder and quartz filter,
respectively. In the second part of the cycle, PBM and GOM were thermally decomposed into GEM sequentially for analysis
by the 2537X analyzer. Quality control procedures were performed according to the guidelines set forth by the Atmospheric
Mercury Network (AMNet, http://nadp.slh.wisc.edu/AMNet/docs.aspx). Quartz filters, KCl-coated denuders, and soda lime

cartridges were replaced bi-weekly. Routine calibrations were carried out every 25 hours for Tekran 2537X with its internal
permeation source and semi-annually with a manual calibration using the Tekran 2505 external permeation source.

PMz5 and PMyo concentrations were measured using the 1405-D TEOM™ ambient particle continuous monitor (Thermo
Scientific Co.) at a temporal resolution of 5 min. Meteorological parameters were measured by an automatic weather station
(Campbell Scientific Co., Ltd), including wind speed (WS, m s1), wind direction (WD, °), solar radiation (SR, W m), air
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temperature (T, °C), relative humidity (RH, %), air pressure (P, kPa) and precipitation depth (Precip, mm), with a temporal

resolution of 10 min.

2.2.4 Membrane-based offline methods for RM

To obtain substantially more accurate and refined RM concentrations, PBM concentrations in different particle-size ranges
were determined using a micro-orifice uniform deposit impactor (MOUDI, Model 110NR, TSI ®) with PTFE membranes,
capturing 11 distinct particle size ranges (>18, 10-18, 5.6-10, 3.2-5.6, 1.8-3.2, 1.0-1.8, 0.56-1.0, 0.32-0.56, 0.18-0.32, 0.1-
0.18, and 0.056-0.1 um). All the membrane samples were analyzed using Tekran 2600 as described in Section 2.2.2.

2.2.5 Quality assurance and quality control (QA/QC)

The Tekran data were screened using zero-air blanks, gold-cartridge agreement, calibration response, cycle completeness, and
post-maintenance stability. The two gold cartridges were required to agree within 10%. Glassware was cleaned according to
the procedure described by Lyman et al. (2009). All liquid samples were analyzed in duplicate, and duplicate analyses were
accepted when the relative percent difference (RPD) was <15%. Duplicate pairs exceeding this criterion were reanalyzed.
Instrument cleaning and matrix-spike recovery checks were performed after every 12 samples. An analytical batch was
accepted when the blank concentration was <1 ng L™ and matrix-spike recovery was within 85-115%. Blank correction was
performed separately for each deposition sample. The validated dataset included 309 precipitation samples, 165 artificial-turf
samples, and 256 CEM samples. The corresponding blank concentrations were subtracted from digestion concentrations before
calculating Hg mass and deposition flux.

Method detection limits (MDLs) were determined for each sample matrix and expressed as deposition-flux equivalents. The
concentration-based MDLs were converted using the corresponding sample volume, effective collection area, and sampling
duration. The resulting MDLs were 0.01 ng m~2 h™* for Hg wet deposition samples, 0.25 ng m2 h™* for TAM dry deposition
measured using artificial turfs, and 0.10 ng m= h™* for GOM dry deposition measured using CEMs.

The precision of field-replicate measurements was evaluated only for sampling periods with three valid blank-corrected
replicate fluxes. The median CV was 16.2% for the artificial-turf measurements, with a range of 4.1-54.4%, and 13.9% for
the CEM measurements, with a range of 0.4-51.3%. CV values above 30% were flagged for further review of possible blank
contamination, precipitation-correction errors, sample loss, or other analytical anomalies.

The analytical reliability of the CEM measurements was further supported by an interlaboratory comparison, which yielded
an average reproducibility RSD of 9 + 4% (Wang et al., 2026). Interlaboratory comparison supported the analytical reliability
of the CEM measurements, with an average reproducibility RSD of 9 + 4% (Wang et al., 2026). The uncertainty of the
deposition fluxes includes analytical precision, blank correction, sample area, sampling duration, precipitation volume, and
surrogate-surface representativeness. Although the QA/QC results support the analytical reliability of the measurements,
absolute fluxes remain subject to sampling uncertainty, particularly because artificial turf does not reproduce the stomatal

uptake and re-emission processes of natural vegetation.
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2.3 Methods for modeling speciated Hg dry deposition

Our previous review work (Zhang et al., 2023) has systematically evaluated the existing framework of dry deposition schemes
for speciated atmospheric Hg, and performed sensitivity analysis to identify the key parameters for estimating dry deposition
velocities. Therefore, in this section, only crucial principles of the methods were introduced in detail. More information is
available in Zhang et al. (2023).

2.3.1 Multiple resistance model for GOM dry deposition

The multiple resistance model is the most commonly used approach for parameterizing the deposition velocity of gaseous
substances. The GOM dry deposition flux is estimated as the product of GOM concentration and dry deposition velocity
(Zhang et al., 2003):

Feom = Cz x V4 (5)

where C; represents the GOM concentration at the reference height and Vg represents the dry deposition velocity. Based on
multiple resistance theory, Vq is defined as:

Va=(R,+R,+R)™ (6)

where Ra, Ry, and R¢ represent the aerodynamic resistance, the quasi-laminar sublayer resistance above the canopy and the
canopy resistance, respectively. Ra, Ry, and R. depend on meteorology and land use category (LUC) and their expressions were
discussed in detail in previous dry deposition studies (Wesely et al., 2002; Zhang et al., 2003; Zhang et al., 2012). The
uncertainties of R, and Ry, are generally small, while that of R is usually substantial (Huang et al., 2012; Zhang et al., 2019).

The canopy resistance (Rc) is calculated as:

R =( 1-W, N 1 1

. + )’1 (7)
R,+R, R+ Rg R

cut

where Wq is a surface-wetness factor describing the suppression of stomatal uptake under wet-canopy conditions; R is the
stomatal resistance; R is the mesophyll resistance; Ry is the in-canopy aerodynamic resistance; Ry is the ground resistance;
and Rcut is the cuticular resistance.

Among these terms, Ry and Rq: are parameterized according to the solubility and chemical reactivity of the depositing gas.
Their values for a target species (i) are scaled from the corresponding resistances of SO, and Os as:

1 __al) A0 @
Ryt () Ry (SO,) R, (O;)

where o and S are empirical numbers determined by the solubility and half-redox reactivity of chemical species (Zhang et
al., 2002; Zhang et al., 2003). In this study, a = = 2 for GOM (Huang et al., 2017), and a« =0 and = 0.1 for GEM (Zhang et
al., 2012) were applied.
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As mentioned previously, GOM concentrations measured by the Tekran system could be biased low because of the KCI-
coated denuders (Lyman et al., 2010; Huang and Gustin, 2015b; Gustin et al., 2019). A correction factor was used based on
the comparison between Tekran and the reactive mercury active system (RMAS) in Zhang et al. (2024) during the STAMP
campaign. The GOM concentration measured by RMAS was significantly correlated with that measured by Tekran, with a
regression slope of 2.21 when the intercept was fixed to zero (r2 = 0.60, p < 0.001, n = 22) (Zhang et al., 2024). Therefore, the
Tekran GOM concentration was corrected as follows before being used to calculate GOM dry deposition fluxes:

CGOM , corrected=— 221)( CGOM , Tekran (9)

where Ccowm Stands for the GOM concentration.

2.3.2 Dynamic particle-size-regarded model for PBM dry deposition

The PBM dry deposition flux can be calculated according to (Zhang et al., 2016):
f

Foau =CiVy +C,Vy, = Cl(le + 1—f de) (10)

where C; and C; are the mass concentrations of PBM in fine and coarse particles, respectively, and Vg1 and Vg, are the
corresponding dry deposition velocities. f is the mass fraction of PBM in coarse particles. The Tekran system measures PBM
in fine particles (PBM;;s), and f was assumed to be 0.3 based on available measurements of PBM size distribution in a previous
study (Zhang et al., 2016). In this study, PM2s and PMio monitoring data were used to estimate dynamic f, which can be
calculated by the distribution coefficient, named k, of the PBM between fine and coarse particles:

k = PBM,s /PBM,s 4 (11)
PM,5 PM,s 10

Then f can be obtained by the following formula:

f — PBM 2.5-10 — PM 2.5-10 (12)
PBM,.+PBM,.,, k-PM,.+PM .,

The distribution coefficient k was found to be positively linearly correlated to the ratio of PBM. s over PM.s measured by
MOUDI (r?=0.66, p<0.05; Figure 1a). PBM,5 and PM,s measured by MOUDI were linearly correlated to PBM,s measured
by the Tekran system (r?=0.84, p<0.05, with the intercept fixed to zero; Figure 1b) and PM,s measured by Thermo 1405-D
(r>=0.97, p<0.05, with the intercept fixed to zero; Figure 1c), respectively. Therefore, the coefficient k could be obtained as
follows:

0.8989x PBM,, . (Tekran)
1.2348x PM, ;(Thermo)

k =0.943x +1.7289 (13)

Consequently, dynamic f could be obtained according to the high temporal resolution data of PBM measured by Tekran and

PM2s and PM1o measured by Thermo, which are usually easy to obtain in field studies in most areas.
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Figure 1. Relationships (a) between k and the ratio of PBM2s over PMzs measured by MOUDI, (b) between PBM2s
measured by MOUDI and by Tekran, and (c) between PMzs measured by MOUDI and by Thermo.

The PBM dry deposition velocity is calculated by:

1
V, =V, +——— (14)
R, + R,
where Vg is the gravitational settling velocity, and is mainly determined by particle size. Assuming the particle size fits the
lognormal distribution, values of 3.7 x 107° and 1.8 x 1073 were obtained for fine and coarse particles, respectively. R, is the
aerodynamic resistance above the canopy and is the same as in GOM deposition modeling. R; is the surface resistance. Detailed

calculation formulas of Rs can be found in Zhang et al. (2014).

2.3.3 Bidirectional air-surface exchange model for GEM dry deposition

In contrast to GOM, GEM has the capacity to be reemitted into the atmosphere following deposition onto vegetated surfaces
and soils. The bidirectional air-surface exchange scheme (Wright and Zhang, 2015) is employed in this study to estimate the

GEM exchange flux:

=R Ceem — Xc (15)

GEM
R, +R,

Zcz(R;f:R+RZJ:tR +R?R)(R-1FR+R1R JrR 1R+Rl A (10)
a b st m ac g a b st m ac g cut

where y. represents the GEM concentration at the canopy top (ng m™3). R, and Ry, have the same meanings as in GOM
modeling. R is the stomatal resistance (s m™) and was calculated using a sunlit/shade stomatal resistance sub-model (Zhang
et al., 2002). Ry is the mesophyll resistance and the values are 500 s m™ for GEM and 0 for GOM in this study (Zhang et al.,
2012). Rac, Ry and Rey are the in-canopy aerodynamic, soil and cuticle resistance, respectively, which are the same as those
used for GOM modeling and are discussed in detail in Zhang et al. (2003). ya is the ambient GEM concentration (ug m™3). ys
and yq are the stomatal and ground surface compensation points (ug m~3), respectively, and their calculation formulas can be

found in Zhang et al. (2016). When Cgewm is higher than yc, the flux is positive, representing a downward flux. Otherwise, the
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flux is upward, representing a net emission. The value of y. at which the flux changes direction is defined as the canopy

compensation point, ycp.

3 Results and discussion
3.1 Characterization of Hg deposition fluxes based on observations
3.1.1 GOM dry deposition flux measurements

As shown in Figure 2, the GOM dry deposition flux observed at the NJU site from July 2020 to June 2021 was 5.01 pg m™2
yr1, with an average flux of 0.57 ng m2h™L. This value accounted for approximately 17 % of the observed TAM dry deposition
flux in this study (29.19 ug m™2 yr?). Although GOM represented only a minor fraction of atmospheric Hg, with an annual
mean concentration of 15.63 pg m3, corresponding to about 0.5 % of the TAM concentration, its contribution to dry deposition
was substantial because of its high reactivity and efficient deposition. Long-term observations from 2018 to 2021 showed that
weekly mean GOM dry deposition fluxes in Nanjing ranged from 0.11 to 2.84 ng m= h™. The mean fluxes before and after
the COVID-related data gap were very similar, at 0.67 + 0.46 and 0.66 = 0.45 ng m2 h™%, respectively, indicating no clear
long-term shift in GOM dry deposition during the observation period. During the representative annual period, seasonal mean
fluxes were 0.76, 0.41, 0.57, and 0.54 ng m2 h™* in spring, summer, autumn, and winter, respectively. The spring maximum
was consistent with the highest seasonal GOM concentration in spring (Table 1), whereas the summer minimum was likely
associated with frequent precipitation and humid conditions, which enhanced wet scavenging and reduced the amount of GOM
available for dry deposition. Similar springtime enhancements and summertime reductions have been reported in Florida,
Korea, and the western United States (US), where seasonal variations were linked to changes in GOM concentration, wind
speed, humidity, and precipitation scavenging (Han et al., 2016; Sather et al., 2013; Huang et al., 2017; Peterson et al., 2012).
It should be noted that the GOM concentration was measured by Tekran, the widely used denuder-based monitoring systems
which could suffer from underestimation with interferences from ozone and moisture (Lyman et al., 2010; Gustin et al., 2019),

and partially caused the inconsistency of seasonal variation between the concentration and the dry deposition flux.

10
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Figure 2. Observed and simulated dry deposition fluxes of TAM and GOM, together with wet deposition fluxes. Model-
estimated fluxes are shown as daily averages.

Table 1. Observed results of speciated Hg concentrations by Tekran at NJU

Season GEM (ng m™) GOM (pg m™3) PBM (pg m™%)
Spring 3.17£1.06 19.97+£28.49 92.80£173.37
Summer 2.97£1.00 14.26+21.79 41.34+109.97
Autumn 3.15£1.32 15.43+£20.37 96.95+204.36
Winter 3.23£1.36 11.83+£17.23 126.01+302.98
Annual 3.12+1.19 15.63+22.87 86.78+207.38

285 Compared with measurements at other sites globally with the CEM surrogate surfaces (Table 2), the GOM dry deposition
flux at NJU was higher than that of a suburban site in Florida (0.14 ng m=2 h™1), but lower than four urban sites in the western
US (0.8-1.3 ng m2 h™). The GOM dry deposition fluxes in most rural, remote, and coastal sites in the western and southern
US ranged from 0.05 to 0.5 ng m™2 h™%, with exceptions for sites in California and Nevada (0.5-2.9 ng m™2 h™). Year-long
observations of GOM dry deposition fluxes remain extremely rare (Zhang et al., 2019). One notable early attempt by Peterson
290 etal. (2012) found the annual mean GOM dry deposition fluxes to be 0.4-1.5 ug m™2 yr at three sites in Florida, much lower
than that in this study, which was likely attributable to the relatively low annual mean GOM concentrations (4.8-6.6 pg m™3,
measured by RMAS). The GOM dry deposition flux in this study was close to the median value of global observation results,
but considerably higher than the simulated results, as summarized by Zhang et al. (2019). One example is the study of Zhang

et al. (2016) for 24 North American sites during 2009-2014, in which the multi-year mean flux was estimated to be 0.2-4.0
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ug m 2 yr based on GOM concentrations measured by the Tekran system. The underestimation of the GOM concentration

by the denuder-based method (McClure et al., 2014) has significant impact on the dry deposition simulation.

Table 2. GOM dry deposition fluxes measured by CEM surrogate surfaces

Site Site type Period Flux (ng m= h™) Reference
Nanjing, China Urban 2020.7-2021.6 0.57 This study
Florida, USA Suburban 2007.9-2008.9 0.14 Weiss et al., 2011
C099, Colorado, USA Urban 2017.8-2019.8 1.3+1.0 Sather et al., 2021
NM95, New Mexico, USA Urban 2017.8-2019.8 1.0+0.8 Sather et al., 2021
NM97, New Mexico, USA Urban 2017.8-2019.8 0.8+0.6 Sather et al., 2021
NM98, New Mexico, USA Urban 2017.8-2019.8 0.8+0.6 Sather et al., 2021
Four sites in Texas, USA Rural 2011.9-2012.9 0.1+0.0 - 0.3+0.1 Sather et al., 2014
Georgia, USA Rural 2007.9-2008.9 0.22 Weiss et al., 2011
OLF, Florida, USA Coastal 2006.10-2008.10 0.1+0.1 Lyman et al., 2009
Three sites in Florida, USA Rural 2009.7-2010.7  0.05+0.06 — 0.20£0.18 Peterson et al., 2012
YRK, Georgia, USA Rural 2006.10-2008.10 0.2+0.2 Lyman et al., 2009
OLF, Florida, USA Coastal 2012.6-2014.3 0-0.5 Huang et al., 2017
Western Maryland, USA Remote 2009.9-2010.10 0.35 Castro et al., 2012

Remote (high- Huang and Gustin,

CCRS, California, USA elevation) 2013 1.240.9 20153

CO96, Colorado, USA Remote (high-~ 17 6 5010.8 0.30.1 Sather et al., 2021
elevation)

Five sites in Nevada, USA Remote (high- 2013 22410-29+15 Huang and - Gustin,
elevation) 2015a

NV02, Nevada, USA Rural 2006.10-2008.10 2.2+0.5 Lyman et al., 2009

NV98, Nevada, USA Suburban 2006.10-2008.10 1.0+0.8 Lyman et al., 2009

Four sites in California and Nevada, Huang and Gustin,

USA Remote 2013 0.5£0.4 -1.0£0.8 2015a

Zeppelin (Arctic) Remote 2019.3-2019.7 0.35 Osterwalder et al., 2021

12
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3.1.2 TAM dry deposition flux measurements

The period from July 2020 to June 2021 was used to characterize the annual TAM dry deposition flux at NJU in this study
(29.19 ug m2 yr1). The mean TAM dry deposition fluxes during this period were 4.23, 2.53, 2.82, and 3.49 ng m2 htin
spring, summer, autumn, and winter, respectively. Long-term artificial-turf observations from 2019 to 2021 further showed
that the TAM dry deposition flux varied widely from —0.96 to 14.99 ng m 2 h™%, with an overall mean of 3.25 ng m2 h™*
(Figure 2). The episodic enhancements in spring and winter were likely related to the high GOM concentration in spring and
the high PBM concentration in winter (Table 1), whereas the summer minimum could be due to the stronger GEM re-emission
under high temperature or high solar radiation conditions. Compared with results from other artificial or natural turf surrogate-
surface measurements (Table 3), the Nanjing flux was higher than most sites except for two industrially influenced Michigan

sites, where the fluxes reached 6.42 and 5.38 ng m= h™%, respectively (Hall et al., 2017).

Table 3. TAM dry deposition fluxes measured by artificial or natural turf surrogate surfaces

Site Site type Period Flux (ng m=2 h™) Reference
Nanjing, China Urban 2020.7-2021.6 3.33 This study
EA‘:t’aGiSCZ' Gardens, Ann Artor, Suburban 2008/8/4-2008/9/13 156 Hall et al., 2017
Dearborn, MI, USA Urban 2007/7/18-2007/8/8 6.42 Hall et al., 2017
Detroit-Fort Street, MI, USA Urban 2007/7/18-2007/8/8 5.38 Hall et al., 2017
FCP, IL, USA Urban 2011/6/9-2011/7/3 1.39 Lynam et al., 2014
JCS, IL, USA Rural 2011/6/9-2011/7/3 1.25 Lynam et al., 2014
ERM, IL, USA Rural 2011/6/9-2011/7/3 2.64 Lynam et al., 2014
JPC, IL, USA Rural 2011/6/9-2011/7/3 3.19 Lynam et al., 2014
SCL, IL, USA Rural 2011/6/9-2011/7/3 2.64 Lynam et al., 2014
Nilwood, IL, USA Rural 2011/6/9-2011/7/3 2.50 Lynam et al., 2014
BVD, IL, USA Rural 2011/6/9-2011/7/3 2.08 Lynam et al., 2014
RSL, IL, USA Rural 2011/6/9-2011/7/3 2.08 Lynam et al., 2014
Central Hlinois, USA Mixed rural/urban 2011/6/9-2011/7/3 2.08 £ 0.69 Lynam et al., 2013
Florida TMDL, USA Mixed 2009-2010 0.83-2.92 Hall et al., 2013

coastal/urban/rural

The annual TAM dry deposition flux observed in this study are comparable to those simulated by Pirrone and Keating (2010)

using the GEOS-Chem model for East Asia (30 ug m2 yr 1), which was closely linked to the high atmospheric Hg emission
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intensity in this region. In contrast, the multi-year mean TAM dry deposition fluxes estimated by Zhang et al. (2016) from
speciated atmospheric Hg concentration observations at North American sites ranged from 5.1 to 14.3 ng m=2 yr2, far lower
than the annual average at the NJU site. This discrepancy likely stems from the combination of higher dry deposition fluxes
driven by elevated GEM and PBM concentrations, and the underestimation of GOM concentrations at the AMNet monitoring

sites that suppresses the estimated dry deposition fluxes, which will be further discussed in Section 3.2.

3.1.3 Hg wet deposition flux measurements

During the representative annual period from July 2020 to June 2021, the average Hg wet deposition flux was 0.83 ng m2 h?
and a volume-weighted mean precipitation Hg concentration of 6.29 ng L™%. The annual precipitation depth during this period
was 1158 mm. As shown in Figure 2, the Hg wet deposition flux was highly episodic and seasonally uneven. Spring contributed
37% of the annual total (7.29 ug m2), followed by summer (29%), autumn (19%), and winter (14%). Spring and summer
together accounted for about two thirds of annual wet deposition, consistent with the concentration of precipitation during the
warm, monsoon-influenced seasons (75% of annual rainfall). Winter showed the highest precipitation Hg concentration (11.93
ng L) but the lowest deposition flux due to limited precipitation (87.6 mm). The high winter concentration likely reflected
weak dilution and elevated PBM (125.85 pg m™3), while high spring RM concentrations (GOM: 19.97 pg m~3; PBM: 92.80 pg
m~3) enhanced scavenging and deposition relative to summer. These results indicate that the seasonal variation in the Hg wet
deposition flux at NJU was primarily controlled by precipitation depth, while atmospheric RM abundance played a secondary
role by influencing precipitation Hg concentrations.

Hg wet deposition at Nanjing was intermediate relative to observations worldwide, being lower than those at most urban or
suburban Asian sites including Chongging (Wang et al., 2012), Xiamen (Xu et al., 2015), Tokyo (Sakata et al., 2005), Seoul
(Eom et al., 2021), and Incheon (Eom et al., 2021), but generally higher than those at most rural, coastal or remote Asian sites
including Mt. Changbai (Fu et al., 2016), Mt. Damei (Eom et al., 2021), Mt. Waliguan (Eom et al., 2021), Chongming Island
(Tang et al., 2020), and Jeju Island (Eom et al., 2021). Global observations show that the precipitation depth generally exerts
a stronger first-order control on the annual Hg wet deposition than the precipitation Hg concentration (Sprovieri et al., 2017;
Pearson et al., 2019). Humid coastal and monsoon-influenced regions with abundant precipitation and anthropogenic activities,
such as southeastern China and the eastern US, tend to exhibit relatively high Hg wet deposition fluxes (Prestbo and Gay, 2009;
Lombard et al., 2011; Xu et al., 2015). The precipitation amount primarily determines the large-scale climatic potential for Hg
wet deposition, whereas the precipitation Hg concentration modulates deposition according to regional and local atmospheric
Hg loading. The high wet deposition fluxes in polluted urban area, such as Chongging and Seoul, were driven by the markedly
high precipitation Hg level (Wang et al., 2012; Eom et al., 2021), while the low Hg concentration at the remote Amsterdam
Island contributed to limited wet deposition fluxes (Tassone et al., 2023).

Despite the relatively abundant precipitation in Nanjing, dry deposition remained the dominant pathway of atmospheric Hg
input at NJU. During July 2020-June 2021, the dry-to-wet deposition ratio was 4.0. Co-located direct measurements at other

global sites show that this ratio can vary substantially by climatic regimes and site types. At two relatively polluted (urban or
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industrial) sites in Michigan, the ratios of measured dry over wet deposition fluxes were 2.5 and 1.9, respectively (Hall et al.,
2017). In contrast, summer measurements across coastal, urban, and rural sites in Florida yielded the ratios of 0.17-0.91,
indicating a greater contribution from wet deposition in the relatively humid conditions (Hall et al., 2013). Direct measurements
at a suburban site and a rural site in Washington State found the dry-to-wet ratios to be 1.2 and 0.33, respectively (Beutel et
al., 2021). Although differences in sampling duration and surrogate-surface type could compromise the comparison, the large
discrepancies could still embody that the dry-to-wet deposition ratio is strongly site dependent, with the wet deposition
generally more dominant at rural or remote sites under humid and precipitation-rich conditions, whereas dry deposition could

dominate the polluted urban and industrial environments, especially with high PM concentrations.

3.2 Optimization of speciated Hg dry deposition simulations
3.2.1 Impacts of the ambient concentration on GOM dry deposition simulation

Accurate simulation of GOM dry deposition is highly related to the measured GOM concentrations in the ambient air. In our
previous work (Zhang et al., 2024), also as part of the STAMP campaign, simultaneous Tekran and RMAS measurements
were performed for ambient GOM concentrations, and a significant correlation between results from the two methods was
observed. A correction factor of 2.21 for RMAS over Tekran was extracted and applied in this study to get the corrected GOM
concentrations from the continuous Tekran monitoring. With the ambient concentration corrected, the GOM dry deposition
fluxes were simulated. As shown in Figure 3, the estimated fluxes agree well with the observations, yielding a regression slope
of 0.96 (uncentered r? = 0.84 with the intercept fixed to zero). Without correction, the average simulated deposition flux would
be underestimated by 46%. In comparison, the application of a correction factor of 3 recommended by previous studies (Huang
etal., 2017; Gustin et al., 2021a) resulted in an evident positive bias for NJU (with a regression slope of 1.69). Therefore, site-
specific correction for the GOM concentration could reduce biases in simulating its dry deposition fluxes. The correction factor
was found to vary with the ozone concentration, the moisture in the air, the PBM/GOM ratio, and the fraction of halogenated
RM compounds (Zhang et al., 2024).

The uncertainty of GOM dry deposition simulation could also be associated with the chemical composition. GOM consists
of multiple oxidized Hg compounds with species-dependent collection efficiencies on the KCl-coated denuders of Tekran
(Huang et al., 2013). GOM speciation also affects the modelled deposition velocity through the solubility- and reactivity-
related scaling parameters a and S. Values of a = = 2 have been recommended for some GOM compounds based on HgCl.
and Hg(OH); properties (Lyman et al., 2007), whereas other studies have adopted « = # = 10 to represent more soluble and
reactive behaviour (Marsik et al., 2007; Zhang et al., 2009; Castro et al., 2012; Zhang et al., 2012; Yu et al., 2013). Because
ambient GOM is a mixture whose composition varies over time, a single set of a and £ values could not fully represent its
deposition behaviour (Huang and Gustin, 2015b; Huang et al., 2017). Overall, the comparison demonstrates that correcting
measurement bias is essential for reproducing the magnitude of GOM dry deposition, whereas further improvements in event-
scale model performance require better constraints on GOM chemical speciation and species-dependent deposition parameters.
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Figure 3. Zero-intercept linear regression between observed and simulated GOM dry deposition fluxes.

3.2.2 Impacts of particle size on PBM dry deposition simulation

Particle size is key to the simulation of PBM dry deposition. In this study, the multi-year mean PBM. s deposition velocity was
estimated to be 0.19 cm s™%, whereas the inclusion of PBM on coarse particles increased it by 4.5 times. This is consistent with
size-fractionated studies showing that coarse PBM could dominate the dry deposition despite their smaller mass fraction (Fang
etal., 2012; Zhu et al., 2014; Zhang et al., 2016). The fraction of PBM on coarse particles was set to 0.3 based on these findings
for dry deposition simulation (Zhang et al., 2016). However, the fraction (f) is not consistent and varies significantly among
different types of sites. Therefore, in this study, we compared the fixed-f scheme to a dynamic-f scheme as described in Section
2.3.2. As demonstrated in Figure 4, the dynamic-f scheme yielded a multi-year mean PBM dry deposition flux of 2.04 £ 2.26
ng m~2h~*at NJU, significantly lower than the estimate (2.63 + 3.53 ng m~2 h™) by fixing f to 0.3. Under the dynamic-f scheme,
coarse particles had a deposition velocity of approximately 2.29 cm s, more than an order of magnitude higher than that of
fine particles, and consequently contributed to 80% of the total PBM dry deposition. More pronounced seasonal variation was
captured under the dynamic-f scheme. The f value was relatively low in summer (0.23 + 0.14) and winter (0.19 + 0.13), while
approaching 0.3 in spring and autumn. The wintertime low PBM deposition velocity alleviated its impacts on the terrestrial
surface despite of its high ambient concentration level.

Previous global observations showed substantial spatiotemporal variability in PBM size distributions across urban, coastal,
and source-influenced environments (Landis et al., 2002; Feddersen et al., 2012; Fang et al., 2012; Tang et al., 2019), implying
that a coarse-particle fraction derived from one site may not be transferable to other atmospheric conditions. Therefore, PBM
dry deposition simulation requires both explicit representation of coarse particles and a temporally resolved coarse-particle

fraction. The dynamic-f approach developed here reduces the bias associated with a fixed f while retaining the dominant role
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of coarse particles in PBM deposition. Since PBM dry deposition is a major component of the total deposition at NJU, the new

scheme provides an important advancement towards the subsequent evaluation of TAM dry deposition.
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Figure 4. Estimated PBM dry deposition fluxes and deposition velocities under different parameterization schemes.

3.2.3 Influence of vegetation parameterization on GEM dry deposition simulation

Vegetation phenology is crucial to simulation of GEM dry deposition or bidirectional exchange. The underlying-surface-type-
based reference LAI scheme (Zhang et al., 2003) could be largely different from the local LAI scheme in reality. Therefore,
in this study, we applied both the reference scheme (LAI.1) and the local scheme of NJU (LAI.2) to GEM dry deposition
simulation. With improvements of both GOM and PBM dry deposition modelling incorporated (as described in Sections 3.2.1
and 3.2.2), the TAM dry deposition flux was simulated and compared with the measurements at NJU (Figure 5). It can be seen
that replacing the reference LAI scheme with the NJU-specific LAI scheme increased the uncentered r? of the zero-intercept
regression from 0.80 to 0.87, and reduced the pronounced overestimation during the period of late September to early
November. The largest effects occurred during March—April and September—November, corresponding to the vegetation
green-up and senescence periods in Nanjing, respectively.

The simulated mean TAM dry deposition with local LAl scheme was 5.05 + 2.54 ng m~2 h™2, 46.8 % higher than the observed
mean. However, it should be noted that the ATSS method for TAM dry deposition flux measurements has its limitation. The
stomatal and cuticular uptake of GEM by vegetation is not reflected by the artificial surrogate surface. In the scheme of Wright
and Zhang (2015), LAI regulates leaf area, stomatal and cuticular uptake, in-canopy resistance, and the canopy compensation
point, thereby affecting both the magnitude and direction of GEM exchange. Sensitivity analysis was performed to investigate
the impacts (Figure 6). When stomatal and cuticular uptake pathways were effectively removed, the TAM dry deposition was
underestimated in spring and summer but tended to be overestimated in autumn. The contrasting seasonal response indicates
that vegetation does not represent as a constant one-way sink for GEM. Stomatal and cuticular uptake enhances downward

GEM exchange fluxes, whereas under warm and high-radiation conditions, increased surface compensation points can favor
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re-emission (Wright etal., 2016; Zhang et al., 2019). Accordingly, net GEM emission occurred in summertime in the optimized

simulation. In the sensitivity tests (Figures 6a and 6b), replacing the modelled GOM dry deposition with the corresponding

observations slightly changed the zero-intercept regression slope, from 0.79 to 0.82, while the uncentered r? did not change

425

significantly. The comparison indicates that the simulation of GOM dry deposition has achieved enough accuracy to represent

the real situation. Overall, the applications of the dynamic-f scheme for PBM and the local LAI scheme for GEM better capture
the seasonal pattern of the observed TAM dry deposition fluxes.
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Figure 5. Comparison of (a) observed and simulated TAM dry deposition fluxes under two LAI schemes, and the results
430 of zero-intercept linear regression based on (b) the reference LAI scheme (LAI.1) from Zhang et al. (2003), and (c) the
local LAI scheme for NJU (LAL.2).
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Figure 6. Zero-intercept linear regressions between observed and simulated TAM dry deposition fluxes: (a) simulation
with plant stomatal and cuticular uptake pathways effectively removed by setting both Rst and Reut to 108 s m™; and (b)
same as (a), but using observed GOM fluxes for the TAM dry deposition estimate.

3.3 Speciated Hg deposition flux characteristics in urban eastern China

According to the optimized simulation results, both Hg dry deposition velocities and fluxes exhibited pronounced variability
among chemical forms and across seasons. As shown in Table 4, the mean dry deposition velocities during the study period
(April 2018 to May 2021 with the COVID-19 pandemic gap) followed the order PBM > GOM >> GEM. The PBM deposition
velocity was approximately 1.4 times that of GOM and more than 40 times that of GEM, reflecting the strong gravitational
settling of particles, particularly the coarse fraction. The corresponding mean dry deposition fluxes for GEM, GOM, and PBM
were estimated to be 2.23 + 3.60, 0.88 + 3.77, and 2.37 + 5.39 ng m™ h™%, respectively. The contribution of each form to dry
deposition is determined jointly by atmospheric abundance and deposition efficiency. The high ambient concentration of GEM
compensates for its very low deposition velocity, whereas PBM combines elevated concentrations with efficient particle
deposition. The highest and lowest TAM dry deposition fluxes were found in spring (7.77 + 8.84 ng m™2 h™1) and summer
(2.52 + 4.67 ng m2 h'?), respectively. The springtime flux was characterized by the high GEM dry deposition, due to the
relatively high deposition velocity during this season and enhanced vegetation uptake. In summer, the GEM deposition velocity
approached zero on average, and episodic negative GEM fluxes occurred (Figure 7), indicating that high temperature and solar
radiation triggered surface Hg re-emission, offsetting the GEM dry deposition. PBM dry deposition was also lowest in summer
but increased markedly in winter. Since the winter coarse-particle fraction remained relatively low, this enhancement was
primarily associated with increased PBM mass concentration. GOM showed a different seasonal behaviour, with the highest

dry deposition flux in spring and the lowest in winter. The seasonal composition of Hg dry deposition shifted from a larger
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GEM contribution in spring toward enhanced PBM deposition in winter, whereas weak GEM uptake or net re-emission

together with low PBM loading suppressed total dry deposition in summer.

455 Table 4. Modelling results of speciated and total Hg dry deposition at NJU during the study period (April 2018 to May
2021 with the COVID-19 pandemic gap)

Parameter Season GEM GOM PBM TAM
Spring 0.03+0.03 0.61+0.33 0.96+0.63
Summer 0.001+0.03 0.66+0.39 0.83+0.52
Deposition velocity
Autumn 0.01+0.01 0.54+0.25 0.88+0.54
(cms™)
Winter 0.02+0.005 0.6040.30 0.75%0.46
Annual 0.02+0.02 0.60+0.32 0.86%0.55
Spring 3.74+4.11 1.29+45.23 2.74+3.59 7.77+8.84
Summer 0.72+3.66 0.82+1.36 0.98+1.21 2.52+4.67
Deposition flux
Autumn 1.73£2.29 0.83+4.44 2.51+3.95 5.07+6.96
(ng m™h™)
Winter 2.71+3.45 0.57+2.49 3.1949.28 6.47+10.87
Annual 2.23+3.60 0.88+3.77 2.3745.39 5.49+8.36
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Figure 7. Composition of speciated Hg deposition fluxes during the study period.
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The speciated dry deposition pattern at NJU, a typical urban site in eastern China, differs largely from the modelling results
for North America based on the AMNet Hg concentration data (Zhang et al., 2012; Zhang et al., 2016). PBM and GEM were
the main sources of Hg dry deposition fluxes at NJU, while the much lower PBM concentration level in North America led to
the dominance of GEM in the total dry deposition benefited mainly from vegetation uptake (Zhang et al., 2016). The enhanced
importance of PBM in urban eastern China reflected the strong dependence of dry deposition on particle size distribution.
Previous studies that did not explicitly represent coarse PBM may underestimate the PBM contribution to total dry deposition
(Wright et al., 2016). Size-resolved observations from polluted regions emphasize that particle-size distribution can strongly
regulate PBM dry deposition (Tang et al., 2019).

Consistent with the observations, dry deposition was the dominant atmospheric Hg sink at NJU, with a modelled dry-to-wet
deposition ratio of 6.6. At the global terrestrial scale, the Global Mercury Assessment 2018 indicates that this ratio is in the
range of 1.2-2.2 across most regions, whereas wet deposition exceeds dry deposition over the oceans (UN Environment, 2019).
Substantial departures from this average global pattern occur among different climatic regimes and land-cover types. Across
23 predominantly deciduous forest sites in the eastern US, litterfall Hg deposition alone had a mean dry-to-wet deposition ratio
of 1.3 (Risch et al., 2012). At the Lulin background forest in East Asia, the eight-year mean total dry-to-wet ratio reached 2.8,
and GEM contributed 78 % of the modelled dry deposition because of the dense forest canopy and its much higher atmospheric
abundance than GOM and PBM (Nguyen et al., 2019). An even stronger GEM-dominated pathway has been identified in the
interior Arctic tundra, where ecosystem-scale mass-balance and isotope measurements attributed 70% of the total Hg input to
atmospheric GEM deposition, with only minor contributions from wet deposition and atmospheric Hg depletion events (Obrist
etal., 2017).

Global modelling further identifies tropical South America, central Africa, Southeast Asia, and East Asia as major terrestrial
GEM deposition regions because of high vegetation activity and elevated atmospheric GEM concentrations (Obrist et al.,
2018). GOM dry deposition is more important at high-elevation grasslands and savannas, where enhanced oxidation, free-
tropospheric influence, stronger solar radiation, and atmospheric turbulence increase GOM concentrations and surface transfer
(Zhang et al., 2019). When GOM-rich air coincides with strong convection and precipitation, wet scavenging becomes
increasingly important, as demonstrated at tropical and windward mountain sites (Obrist et al., 2018; Nguyen and Sheu, 2019).
PBM deposition is enhanced in urban, industrial, and agricultural regions with heavy PM pollution, particularly in East Asia
(Zhang et al., 2019). CMAQ-Hg simulations over the southern China showed that PBM contributed 19% of the total Hg dry
deposition and 33% of wet deposition (Liu et al., 2019). NJU in this study, therefore, represents a polluted East Asian urban
regime in which atmospheric Hg input is strongly shifted toward dry deposition, with GEM and PBM jointly controlling the

annual dry deposition budget, while RM abundance and precipitation regulate the magnitude of wet deposition.

4 Conclusions

This study combined long-term surrogate-surface observations with process-based modelling to characterize atmospheric Hg

deposition and constrain key uncertainties in speciated dry deposition estimates at an urban site in eastern China. During July
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2020-June 2021, the observed TAM dry and wet deposition were 29.19 and 7.29 ug m2 yr, respectively, yielding a dry-to-
wet deposition ratio of 4.0. The observations demonstrate that dry deposition dominates atmospheric Hg input into the
terrestrial surface at NJU despite the abundant precipitation of the subtropical monsoon climate. Hg wet deposition exhibited
pronounced seasonality governed primarily by precipitation depth, with RM abundance further modulating precipitation Hg
concentrations.

Model optimization was performed to improve speciated Hg dry deposition estimates. First, correcting the low bias in the
denuder-based GOM concentrations using a site-specific RMAS/Tekran correction factor of 2.21 brought simulated GOM dry
deposition fluxes into close agreement with observations. Second, explicitly including coarse particles with a dynamic scheme
increased the PBM deposition velocity by a factor of 4.5, with coarse particles contributing 80% of total PBM dry deposition.
Third, localizing vegetation phenology by replacing the reference LAI with NJU-specific values, together with the coarse PBM
consideration, improved the model-observation regression of TAM dry deposition. Together, these refinements indicate that
accurate simulation of Hg dry deposition in polluted eastern Chinese cities requires constraining GOM measurement bias and
composition, PBM particle-size distribution, and GEM bidirectional exchange with local vegetation phenology.

Our results offer several advances over previous studies. Earlier observations in East and Southeast Asia were conducted in
more heavily polluted regions and generally reported higher atmospheric Hg concentrations and deposition fluxes (Fu et al.,
2016; Ma et al., 2015; Wright et al., 2016). The TAM dry-deposition flux observed at NJU was lower than several earlier
values reported for urban and industrialized Asian sites, reflecting the combined effects of emission reductions, shifts in source
composition, regional transport, and differences in meteorological conditions and measurement approaches. Previous studies
have largely focused on GEM concentrations or wet deposition, whereas simultaneous observations linking atmospheric Hg
species to surface dry-deposition processes remain scarce, particularly for urban sites in eastern China (Zhang et al., 2019). By
combining atmospheric Hg measurements with turf-based deposition observations and model calculations, this study helps
constrain the relationship between atmospheric composition and surface Hg input.

Several limitations should be noted. The Aerohead method may overestimate GOM dry deposition under the high particle-
loading conditions at NJU, since particle-associated Hg can interfere with the collection of nominally gaseous Hg, although
this bias was not quantified and is unlikely to alter the main conclusion given that GOM represents only a small fraction of
TAM dry deposition. In addition, the artificial-turf method does not reproduce stomatal exchange and therefore underestimate
Hg uptake by vegetated surfaces. Comparisons with simulations excluding stomatal uptake confirm that the observations
remain useful for constraining non-stomatal deposition. Finally, the single urban site and approximately two-year observation
period limit extrapolation to other locations and times, but they do not undermine the internal comparisons among Hg species,
deposition pathways, and model parameterizations.

Code and data availability

The dataset related to this article is available at https://doi.org/10.5281/zen0do.22958565 (Yuan et al., 2026).
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