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Abstract   13 

A box model for estimating bidirectional air-surface exchange of gaseous elemental mercury (Hg0) has 14 

been updated based on the latest understanding of the resistance scheme of atmosphere-biosphere 15 

interface transfer. Simulations were performed for two seasonal months to evaluate diurnal and seasonal 16 

variation. The base-case results show that water and soil surfaces are net sources while vegetation is a net 17 

sink of Hg0. The estimated net exchange in a domain covering the contiguous US and part of Canada and 18 

Mexico is 38 and 56 Mg as evasion in the summer and winter month. The smaller evasion in summer is 19 

due to the stronger Hg0 uptake by vegetation. Modeling experiments using a 2-level factorial design were 20 

conducted to examine the sensitivity of flux response to changes of physical and environmental 21 

parameters in the model. It is shown that atmospheric shear flows (surface wind over water and friction 22 

velocity over terrestrial surfaces), dissolved gaseous mercury (DGM) concentration, soil organic and Hg 23 

content, and air temperature are the most influential factors. The positive effect of friction velocity and 24 
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soil Hg content on the evasion flux from soil and canopy can be effectively offset by the negative effect 25 

of soil organic content. Significant synergistic effects are identified between surface wind and DGM level 26 

for water surface, and between soil Hg content and friction velocity for soil surface, leading to ~50% 27 

enhanced flux compared to the sum of their individual effects. The air-foliar exchange is mainly 28 

controlled by surface resistance terms influenced by solar irradiation and air temperature. Research in 29 

providing geospatial distribution of Hg in water and soil will greatly improve the flux estimate. 30 

Elucidation on the kinetics and mechanism of Hg(II) reduction in soil/water and quantification of the 31 

surface resistances specific to Hg species will also help reduce the model uncertainty. 32 

 33 

1   Introduction  34 

Mercury (Hg) is a persistent, bioaccumulative pollutant released into the atmosphere from a variety of 35 

anthropogenic and natural sources. The anthropogenic release (2000~2400 Mg yr-1) primarily comes from 36 

fossil fuel combustion, waste incineration, metal smelting and cement production (Pacyna et al., 37 

2006;Pacyna et al., 2003;Streets et al., 2005;Streets et al., 2009;Pirrone et al., 2010). The natural sources 38 

include geological weathering from Hg enriched substrates, biomass burning, volcanic activities and other 39 

Hg0 exchange, including so-called re-emission, at the atmosphere-biosphere interface (Gustin et al., 40 

2008;Mason and Sheu, 2002). While the men-made emissions have been estimated and continuously 41 

updated with reasonable consistency since the 1990s, the estimates for natural emissions have been highly 42 

uncertain (1500-5207 Mg yr-1), primarily due to a lack of understanding in the air-surface exchange of 43 

Hg0. Since the natural release can account for up to two-thirds of global mercury input to the atmosphere 44 

(Friedli et al., 2009;Pirrone et al., 2010), better quantification of the mass input is critical in assessing the 45 

global biogeochemical cycling of mercury (Lindberg et al., 2007).  46 

Air-surface exchange is an important component in atmospheric mercury modeling for estimating Hg0 47 

evasion and deposition over soil, water and vegetation. For terrestrial surfaces, the soil Hg evasion has 48 
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been calculated using the statistical relationships obtained from the measured Hg0 flux and observed 49 

environmental factors such as temperature, solar irradiance, leaf area index, and Hg content (Bash et al., 50 

2004;Gbor et al., 2006;Lin et al., 2005;Shetty et al., 2008;Xu et al., 1999;Selin and Jacob, 2008;Smith-51 

Downey et al., 2010). Such an approach oversimplifies the role of environmental factors in the exchange 52 

process because Hg0 flux was measured only in a limited number of locations where the environmental 53 

parameters (such as soil properties and meteorology) are specific to those sites. Using the limited 54 

measurement data for extrapolating the flux estimate in a large geographical area may not representative. 55 

In addition, most of these models treat vegetation as a net evasion source of Hg0, which is inconsistent 56 

with later assessments that suggest vegetation a net sink (Gustin et al., 2008;Hartman et al., 2009). Recent 57 

isotopic tracer studies showed that that plant roots serve as a barrier that prevents translocation of 58 

inorganic Hg in soil to other parts of plants (Cui et al., 2014).  It has also been suggested that Hg absorbed 59 

on foliage can be transported to stem and root (Yin et al., 2013). In addition, algorithms representing the 60 

transport resistances at soil and foliage interfaces were developed to calculate the multilayered, 61 

bidirectional flux through  a Hg concentration gradient between ambient level and a "compensation" point 62 

inferred from the surface characteristics (Bash, 2010;Bash et al., 2007;Scholtz et al., 2003;Zhang et al., 63 

2009a;Sutton et al., 2007). This approach is more scientifically sound and mathematically robust. The 64 

model results also seem to be more consistent with those from stable isotope studies (Bash, 2010). 65 

However, the complicated model parameterization makes it difficult to understand the relative importance 66 

of model variables on the simulated flux. It also requires assumptions for numerous model variables that 67 

lack field data to estimate their values. Although the model results can be constrained by air concentration 68 

and wet deposition, the assumptions could increase the uncertainty of model estimates and limits the 69 

improvement of model algorithms. 70 

The objectives of this study are to present an updated Hg0 air-surface exchange model and to 71 

quantitatively examine the relative importance of the physical and environmental variables implemented 72 
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in the model. Coupled with the latest understanding in the partitioning and mass transfer at different 73 

atmosphere-biosphere interfaces, we integrated the bidirectional air-surface exchange model (Bash, 74 

2010;Bash et al., 2007) and the surface resistance schemes of Hg dry deposition and photochemical 75 

reaction  (Zhang et al., 2003;Zhang et al., 2009a;Lin et al., 2006) for quantifying the air-surface exchange 76 

of Hg0. Two monthly simulations were performed to investigate the seasonal and diurnal variability of the 77 

model-estimated flux. A systematic set of sensitivity simulations using multi-step factorial designs of 78 

experiments were performed to investigate the effect of significant model parameters and their 79 

interconnections. Based on the sensitivity results, processes that control Hg0 air-surface exchange over 80 

different natural surfaces are discussed and research needs for future model improvement are proposed. 81 

 82 

2   Methods 83 

2.1   Model Description  84 

The total air-surface exchange is the sum of Hg0 fluxes from water, soil (including bare lands and soil 85 

under the canopy) and foliage surfaces. The direction (evasion or deposition) of the flux is driven by the 86 

gradient between atmospheric Hg0 concentration and a surface compensation point that represents the Hg0 87 

concentration at the interface between the atmosphere and a natural surface. The magnitude of the flux is 88 

determined by the ratio of concentration gradient to surface resistance (for terrestrial surfaces) or by the 89 

product of overall mass transfer coefficient and concentration gradient (for water surfaces). The 90 

nomenclature and dimension of the entire set of model variables are detailed in Table 1. The 91 

parameterization of each model component is briefly described below.  92 

 93 

2.2   Air-water Exchange 94 

The flux over fresh water and oceanic surfaces, Fw, is calculated using a two-film mass transfer model 95 

with the transfer rate limited by the diffusion in the water boundary layer (Poissant et al., 2000): 96 
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௪ܨ ൌ ௪ܥ௪ሺܭ െ
஼ೌ೟೘
ுೢ

ሻ            (1) 97 

where Kw is the overall mass transfer coefficient estimated by the wind speed at 10 m above water surface 98 

and the mass transfer ratio of CO2/Hg across the air-water interface (Shetty et al., 2008), Cw is the DGM 99 

concentration in surface water, Hw is the dimensionless Henry’s law constant. Kw and Hw are calculated 100 

using formulation described earlier (Poissant et al., 2000;Lin and Tao, 2003).  101 

 102 

2.3   Air-terrestrial Exchange 103 

The terrestrial system is divided into two categories: the canopy biomes (leaf area index, LAI > 0) and the 104 

bare lands (LAI = 0, referring to barren or sparsely vegetated land, bare ground tundra and snow or ice 105 

surface). The total flux from the canopy is made up of the air-soil exchange flux and the air-foliar 106 

exchange flux (air-stomata and air-cuticle). Over the canopy system, a multi-layer canopy resistance 107 

scheme modified after Bash (2010) and Zhang et al. (2003) was applied (Figure 1). Compared to the 108 

earlier mechanistic schemes, this model also (1) includes foliage storage effect is included, (2) considers 109 

photochemical reduction on foliage, and (3) updates the resistance terms. The flux over canopy biomes, 110 

 ௖௡௣, is estimated as:          111ܨ

௖௡௣ܨ ൌ
∆௧

ሺோೌାோ್ሻ
ሺ߯௖௡௣ െ  ௔௧௠ሻ                  (2)  112ܥ

where ∆ݐ is time duration,  ܴ௔ is the aerodynamic resistance,  ܴ௕ is the quasi-laminar sub-layer resistance, 113 

 ௔௧௠ is the atmospheric Hg concentration. Ra and ܴ௕ are calculated according to (Marsik et al., 2007). 114ܥ

߯௖௡௣ is the overall compensation point parameterized as a weighted average of exchange coefficients at 115 

the air-cuticle, air-stomata, and air-soil interfaces as illustrated in Figure 1 (Bash, 2010;Zhang et al., 116 

2009a): 117 
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where߯௖ is the cuticular compensation point, ߯௦	 is the stomatal compensation point,	߯௚ is the soil 119 

compensation point,  ܴ௖ is the cuticular resistance, ܴ௦ is the stomatal resistance, ܴ௚ is the soil diffusion 120 

resistance, ܴ௔௖ is the in-canopy aerodynamic resistance.  The individual compensation points are 121 

described by Equations 6, 9 and 15.  122 

 123 

2.3.1   Air-soil Exchange 124 

In absence of vegetation (when LAI=0), the flux from bare lands (ܨ௕௟௦) can be estimated as: 125 

௕௟௦ܨ ൌ
Δ௧

ோೌାோ್ାோ೒
൫߯௚ െ  ௔௧௠൯                                                                                        (4) 126ܥ

In the presence of vegetation (when LAI > 0), the flux from soil under canopy (ܨ௚) is calculated as: 127 

௚ܨ ൌ
∆௧

ோ೒ାோೌ೎
ሺ߯௚െ߯௖௡௣ሻ                                                                                                  (5) 128 

where Rac accounts for the resistance of gas diffusion from ground to the lower canopy and is assumed to 129 

be common for all gaseous species (Zhang et al., 2002b).The compensation point at air-soil interface (߯௚) 130 

can be expressed as (Bash, 2010): 131 

߯௚ ൌ
ൣு௚బ൧ೞ೗ு

௙೚೎௄೚೎
                                                                                                                   (6) 132 

where ሾ݃ܪ଴ሿ௦௟  is the concentration of Hg0 bound to soil, calculated as a reduction product of Hg(II) using 133 

soil Hg content and a pseudo-first-order rate constant related to solar irradiance (Gustin et al., 2002). H is 134 

Henry's constant parameterized following Andersson et al. (2008). ௢݂௖ is the fraction of organic carbon in 135 

surface soil (0-5 cm).  ܭ௢௖	is the partition coefficient of Hg0 between soil organic carbon and water. 136 

 Rg  is the Hg0 diffusion resistance over a ground surface (soil, ice/snow) (Zhang et al., 2002b): 137 

ଵ

ோ೒
ൌ

ఈಹ೒బ

ோ೒ሺೄೀమሻ
൅

ఉಹ೒బ

ோ೒ሺೀయሻ
                                                                                                       (7) 138 

where ܴ௚ሺௌைమሻ and  ܴ௚ሺைయሻ are the diffusion resistances of SO2 and O3, ߙு௚బ  is the Hg0 scaling factor 139 

based on SO2,  ߚு௚బ  is Hg0 scaling factor based on O3. The formulation of ܴ௚ሺௌைమሻ and ܴ௚ሺைయሻ has been 140 

described previously (Zhang et al., 2003). 141 



7 
 

 142 

2.3.2   Air-cuticle Exchange 143 

Air -cuticle exchange flux is calculated as (Bash, 2010): 144 

௖ܨ ൌ
Δ௧

ோ೎
ሺ߯௖ െ ߯௖௡௣ሻ                                                                                                        (8) 145 

߯௖ ൌ
ሾு௚೎

బሿ

௅஺௉
                                                                                                                       (9) 146 

where ܲܣܮ  denotes the leaf-air partitioning coefficient for Hg0 (Rutter et al., 2011), ሾ݃ܪ௖଴ሿ  is the 147 

concentration of Hg0 bound to foliar cuticular surface, calculated as the photoreduction product of a 148 

fraction of newly deposited Hg(II) on foliar interfaces (Graydon et al., 2009): 149 

	ሾ݃ܪ௖଴ሿ ൌ ௥݂௫௡ሾ݃ܪ௖,஽஽
ூூା ሿ                                                                                                   (10) 150 

  ሾ݃ܪ௖ூூାሿ ൌ ሺ1 െ ௥݂௫௡ െ ௙݂௜௫௘ௗሻሾ݃ܪ௖,஽஽
ூூା ሿ                                                                       (11) 151 

  ሾ݃ܪ௖ூூାሿ ൌ
ሾு௚ೢ಺಺శሿ

்೗
                                                                                                           (12) 152 

where ሾ݃ܪ௖,஽஽
ூூା ሿ is the concentration loading of total dry deposited Hg(II) on cuticle, ሾ݃ܪ௖ூூାሿ is the 153 

concentration of the deposited Hg(II) residing on cuticular surfaces, ሾ݃ܪ௪ூூାሿ is the concentration of Hg(II) 154 

that can be washed off from leaves, ௥݂௫௡ is the fraction of Hg(II) that can be photo-reduced, ௙݂௜௫௘ௗ is the 155 

fraction of Hg(II) fixed into tissue and not available for re-emission or wash-off,  ௟ܶ is the leaf thickness. 156 

௥݂௫௡, ௙݂௜௫௘ௗ are parameterized following Smith-Downey et al. (2010). Rc is the cuticular resistance 157 

calculated as (Zhang et al., 2002b): 158 

 
ଵ

ோ೎
ൌ

ఈಹ೒బ

ோ೎ሺೄೀమሻ
൅

ఉಹ೒బ

ோ೎ሺೀయሻ
                                                                                      (13) 159 

 160 

2.2.3   Air-stomata Exchange 161 

The air-stomata exchange flux is estimated as (Bash, 2010): 162 

௦ܨ ൌ
Δ௧

ோೞ
ሺ߯௦ െ ߯௖௡௣ሻ                                                                                                        (14) 163 
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߯௦ ൌ
ሾு௚ೞ

బሿ

௅஺௉
                                                                                                                       (15) 164 

It is assumed that the uptake of Hg species through stomata is predominantly Hg0 due to its abundance in 165 

the atmosphere (Capiomont et al., 2000;Millhollen et al., 2006;Stamenkovic and Gustin, 2009). As such, 166 

the dissolved Hg0 in the stomatal compartment, ሾ݃ܪ௦଴ሿ, can be formulated as: 167 

ሾ݃ܪ௦଴ሿ ൌ ሺ1 െ ௙݂௜௫௘ௗሻሾ݃ܪ௦,஽஽
଴ ሿ                                                                                      (16) 168 

where ሾ݃ܪ௦,஽஽
଴ ሿ  is the concentration of newly deposited Hg0 stored in the stomatal compartment. The 169 

overall stomatal resistance is calculated as (Zhang et al., 2002b): 170 

ܴ௦ ൌ
ோೞ೟ାோ೘೐

ଵିௐೞ೟
                                                                                                                  (17) 171 

where Rst is the resistance associated with stomata, Rme is resistance associated with mesophyll reservoir, 172 

Wst is the fraction of stomatal blocking under wet condition. The detailed formulation of Rst and Rme and 173 

Wst  can be found elsewhere (Zhang et al., 2012;Zhang et al., 2003;Zhang et al., 2002b). 174 

 175 

2.4   Modeling Experiments for Sensitivity Analysis  176 

A series of 2-level factorial designs of experiments were performed to assess the sensitivity to changes of 177 

model variables as well as their synergistic and antagonistic interactions. A brief discussion of the use of 178 

factorial design of experiments is provided in the Supplementary Material document. The studied 179 

variables include both physical and environmental parameters. Their respective experimental levels are 180 

show in Tables 2-4. The principle of factor sparsity (Myers et al., 2009) states that the main effects and 181 

lower-order interactions dominate most system responses and the higher-order interactions are  not 182 

significant. Therefore, the effect of interaction terms higher than second order was not considered.  183 

 184 

For water surface, there are four factors driving the model simulation (Table 2). Therefore, a 24 full 185 

factorial design was applied. For bare lands, the 11 model parameters (Table 3) form a 211-6 fractional 186 
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design (Resolution IV) enabling main effects free from aliasing. The number of runs (32), although 187 

intensive, is still manageable. After this initial screening, a two-level full factorial design was applied for 188 

the significant factors based on a 95% confidence level (results of the 211-6 design are shown in 189 

Supplementary Material). For the canopy ecosystem, 15 main factors (Table 4) were selected to form a 190 

215-9 fractional design (Resolution IV, 64 experiments). In this case, the alias system is more complex 191 

because of the large number of study factors. Therefore, a successive 2(11-6) design (Supplementary 192 

Material) was applied to the pre-screened significant factors to obtain 5 most significant factors for a 25 193 

full factorial design (Supplementary Material). The sensitivity results were illustrated based on the final 194 

full factorial design for watersheds, bare lands, canopy ecosystems. The data analysis of the factorial 195 

experiments was conducted using Minitab®16. 196 

 197 

2.5   Model Configuration and Data  198 

The modeling domain is in Lambert Conformal projection covering mainly the Contiguous United States 199 

(CONUS), with 156×118 grid cells at 36-km spatial resolution. Hourly meteorological data were prepared 200 

using the Weather Research and Forecasting (WRF) model Version 3.4 with the Noah Land Surface 201 

Model. The model algorithms were coded in FORTRAN 90 and Network Common Data Form (NetCDF) 202 

version 4.1. The gridded model results were visualized by the Visualization Environmental for Rich Data 203 

Interpretation (VERDI) version 1.4. 204 

 205 

A base-case simulation was performed in a summer and a winter month (August & December 2009) to 206 

evaluate the seasonal and diurnal variability of the air-surface exchange. The base case refers to the 207 

modeling utilizing the values listed in Table 1 with the meteorological parameters extracted from WRF 208 

output. In the simulation, the atmospheric Hg0 concentration retrieved from the output of the Hg 209 

extension of Community Multi-scale Air Quality modeling system (CMAQ-Hg) version 4.6 for the same 210 
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modeling period was applied to represent the air concentration of Hg0. The simulation does not directly 211 

incorporate the feedback of the air-surface exchange to the air concentration. However, for a regional 212 

model domain (CONUS), natural evasion and deposition of Hg0 does not significantly modify the 213 

ambient concentration (Lin et al., 2005; Gbor et al., 2006), since the time required for air turnover is 214 

relatively short (typically 3-4 days) and the air concentration of Hg is mainly controlled by the boundary 215 

conditions (Pongprueksa et al., 2008). In the model experiments, the concentration of Hg0 was tested as a 216 

sensitivity parameter.  217 

 218 

3   Results and Discussion 219 

3.1   Results of Base-case Simulations 220 

The model estimates a net emission of 38.4 Mg in the summer month (16.6 Mg from water, 45.0 Mg from 221 

soil and -23.2 Mg from foliage) and 56.0 Mg in the winter month (33.9 Mg from water, 29.5 Mg from soil 222 

and -7.4 Mg from foliage) for the entire domain. The evasion from water body accounts for ~50% of the 223 

total natural emission (the cumulative net release of Hg0 caused by the air-surface exchange process) 224 

because of the large water areal coverage in the domain (59%). Vegetation represents a net sink, this is 225 

different from earlier estimates using the evapotranspiration approach (Bash et al., 2004;Shetty et al., 226 

2008) but consistent with recent observational studies (Gustin et al., 2008;Stamenkovic and Gustin, 2009). 227 

For the terrestrial system, the total emission is 43.9 Mg in two months. Assuming the annual emission is 228 

5-6 times of the two monthly sum and excluding the emission from Canada, Mexico and Caribbean lands, 229 

the model-estimated annual emission in the contiguous US is 118-141 Mg yr-1, comparable to the recent 230 

estimates (95-150 Mg yr-1) using flux scaling methods (Ericksen et al., 2006;Hartman et al., 2009;Zehner 231 

and Gustin, 2002).  232 

 233 

3.1.1   Air-water Exchange  234 
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Over water surface, the mean simulated flux is 1.6 and 3.1 ng m-2 hr-1 in the summer and winter month 235 

(Figures 2a&3a) respectively. Water bodies in the domain are net sources, producing fluxes typically in 236 

the range of 1-4 ng m-2 hr-1, similar to earlier measurements (Mason et al., 2001a;Andersson et al., 2011). 237 

The spatial distribution is primarily driven by the surface wind speed. Temperature, air Hg0 and DGM 238 

concentration play a much less significant role because a constant DGM was assumed (40 ng m-3) and the 239 

Hg0 level over water was in a narrow range (1.4 ~1.8 ng m-3). The Pearsons's correlation coefficient (r) 240 

between flux and wind speed is much stronger than the value between flux and temperature (0.56 vs. 241 

0.18). The flux in the winter month is greater because of stronger winds in the northeastern corner of the 242 

domain.  The emission flux does not show clear diurnal variation in both months because wind speed is 243 

the most dominant factor (Figure 4a). 244 

 245 

3.1.2   Air-soil Exchange  246 

Soil surfaces have been suggested to be a net source of Hg (Gustin et al., 2008;Hartman et al., 2009), 247 

which is also shown in the base-case model results (Figure 2&3). The mean flux from bare lands (0.7 and 248 

0.6 ng m-2 hr-1 in the summer and winter month) is lower than the value from soil under the canopy (4.3 249 

and 2.7 ng m-2 hr-1) because of the landuse classification. The bare lands in the domain include sparsely 250 

vegetated land, bare ground tundra and snow/ice land. The flux contribution from such landuse types is 251 

largely from the southern portion of the domain. The simulated flux from soil under canopy is comparable 252 

to those reported at background sites, -0.1~7 ng m-2 hr-1 (Ericksen et al., 2006;Kuiken et al., 253 

2008b;Kuiken et al., 2008a;Carpi and Lindberg, 1998).  254 

 255 

The simulated Hg0 flux from soil under canopy is controlled by the degree of vegetation coverage (LAI), 256 

air temperature, friction velocity, air Hg concentration and solar irradiation. In the summer month, the 257 

flux in Eastern US is lower due to heavy vegetation coverage that increases the in-canopy aerodynamic 258 
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resistance (Rac) (Zhang et al., 2002a). Higher flux occurs in the Central and Western US because of the 259 

smaller LAI and higher air temperature (Figure 2c，Figure s8). In the winter month, the higher air 260 

temperature and longer sunlit hours cause the higher flux in the south (Figure 3c, Figure s8). Among the 261 

environmental parameters, LAI has the greatest influence on the estimated flux (r = 0.45). The spatially 262 

average soil flux for the entire domain shows a typical diurnal variation caused by air temperature and 263 

solar irradiance (Gabriel et al., 2006). The detailed impact of the model variables is discussed in the 264 

sensitivity analysis. 265 

 266 

3.1.3   Air-foliage Exchange 267 

Vegetation represents a net sink of Hg0 in the base-case simulations. The mean simulated air-foliar 268 

exchange is -2.2 and -0.7 ng m-2 hr-1 in the summer and winter month (Figures 2d, 3d). The magnitude is 269 

similar to those measured in August by Ericksen et al. (2003) (a mean flux of -3.3 ng m-2 hr-1 ) and 270 

Millhollen et al. (2006) (-4.1~-0.3 ng m-2 hr-1). In summer, the greatest vegetative uptake of Hg0 occurs in 271 

the Northeast US because of the dense vegetation coverage. In winter, the uptake becomes much weaker 272 

due to the reduced LAI, particularly in the north (Smith-Downey et al., 2010). The simulated deposition 273 

flux is highly correlated with LAI (r = 0.71 and 0.88 in winter and summer); while the correlations with 274 

friction velocity, GEM, air temperature and solar radiation are comparatively weaker. The diurnal 275 

variation for foliar flux is shown in Figure 4c. Higher deposition occurs during daytime due to the higher 276 

air temperature and solar irradiance (Rutter et al., 2011). The overall diurnal variation in the model 277 

domain exhibits the feature of air-foliage exchange (Figure 4d). 278 

 279 

The simulated flux from soil under canopy and foliar surfaces is highly dependent on the resistance terms. 280 

Presently the values of cuticular (Rc), stomatal (Rg) and soil (Rs) resistances of Hg are not well understood 281 

(Holmes et al., 2011) and have been estimated by relating to the measured resistance of O3, SO2 and H2O 282 



13 
 

(Bash, 2010;Scholtz et al., 2003;Zhang et al., 2003). There has been experimental efforts to determine Rc 283 

and Rs based on Fick's Law by introducing isotopic Hg tracer to plants grown in an environmentally 284 

controlled chamber (Rutter et al., 2011). The resistances were found to depend on temperature, solar 285 

irradiance and Hg species with reported Rc and Rs ranging from 150 to 50000 m s-1 at 0-35°C and 0-170 286 

W m-2 (Millhollen et al., 2006;Rutter et al., 2011). The simulated flux in the base case applied similar 287 

resistance values in the model. However, the lack of deterministic relationships between the resistance 288 

terms and environmental parameters still represents an uncertainty and there is a need to better quantify 289 

the resistance for Hg0.   290 

 291 

3.2   Sensitivities Analysis  292 

3.2.1   Sensitivity of Exchanges over Water Bodies 293 

Figure 5 shows the change of air-water flux due to the change of model variables from the low to the high 294 

experimental level (Table 2). Individually, wind speed is the most significant parameter (p = 0.003) 295 

followed by DGM (p = 0.004) and surface temperature (p = 0.059). On average, increasing wind speed 296 

from 0.001 to 20 m s-1 enhanced the flux by 7.6 ng m-2 hr-1 (p = 0.003); increasing the DGM from 15 to 297 

240 ng m-3 increases the flux by 7.0 ng m-2 hr-1 (p = 0.004). A higher air Hg0 concentration slightly 298 

decreases the evasion flux. There is a significant synergistic effect caused by wind speed and DGM 299 

concentration (p = 0.004). Increasing both variables simultaneously from the low to high level (Table 2) 300 

causes an additional 48% increase of the evasion flux. The wind speed and surface temperature also have 301 

a synergistic effect, although not as significant (p = 0.059), followed by the effect enhanced by DGM 302 

concentration and surface temperature (p = 0.076). The effects of higher DGM concentration and air Hg0 303 

concentration offset each other, leading to a nearly zero effect on flux (p = 1.000).  304 

 305 

In the base case, a uniform DGM concentration was assumed. The spatially constant DGM level 306 
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represents a significant uncertainty since other environmental parameters such temperature, wind speed 307 

can be estimated reliably through meteorological simulations at a high spatial resolution. The mechanism 308 

leading to the net DGM formation in surface water is complex and not fully understood (Qureshi et al., 309 

2010). It has been suggested that dissolved organic matter (Amyot et al., 1994;Amyot et al., 1997), 310 

hydroxyl radicals (Zhang and Lindberg, 2001) and oxyhalide radicals (e.g. OCl-, OBr-) (Lalonde et al., 311 

2001) can participate in the sunlight-induced processes that produce DGM, in addition, DGM is also 312 

consumed by some oxidation reactions in water bodies. Data on measured net DGM concentration over 313 

vast water bodies are not readily available because of a limited number of cruise campaigns (Mason et al., 314 

1998;Mason et al., 2001b;Andersson et al., 2011). Strode et al. (2007) and Soerensen et al. (2010) 315 

estimated the global distribution of DGM in sea water and showed that accurate representation of GDM 316 

concentration is key for calculating air-water exchange.  More knowledge on the temporal and spatial 317 

distribution of net DGM concentration in surface water can greatly reduce the model uncertainty. 318 

Experimental investigation to better understand the chemical pathways leading to net DGM formation 319 

will also help constrain the model estimate. 320 

 321 

3.2.2   Sensitivity of Exchange over Bare Lands   322 

Figure 6 illustrates the model response to the model variables at the two experimental levels in Table 3. 323 

Soil Hg content, friction velocity, air temperature and the scaling factor ߚு௚బ  (Eq. 7) have a positive 324 

effect on the simulated Hg flux while the soil organic content has a negative effect. On average, 325 

increasing soil Hg content from 50 to 1000 ng g-1 soil  enhances the flux by 55.3 ng m-2 hr-1 (p = 0.013); 326 

increasing friction velocity from 0.0001 to 1 m s-1 increases the flux by 54.8 ng m-2 hr-1 (p = 0.014). On 327 

the other hand, increasing the soil organic content from 0.6 to 10 % reduce the flux by 54.2 ng m-2 hr-1 (p 328 

= 0.015). There are several notable interactions among the model variables. First, the positive effects of 329 

soil Hg content and friction velocity can be completely offset by soil organic content (Figure 6). An 330 
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increase in soil organic content substantially decreases the soil Hg compensation point (Eq. 6), suggesting 331 

the significant role of soil organic matter in retaining Hg from evading (p = 0.025). There is a strong 332 

synergistic effect between friction velocity and soil Hg content (p = 0.022), leading to an additional 46% 333 

increase compared to the sum of the two individual effects (Figure 6). Quasi-laminar sub-layer resistance 334 

(Rb) and aerodynamic resistance (Ra) both decrease with increasing friction velocity. Coupled with the 335 

increased soil Hg compensation point at higher soil Hg content (Eq. 6), the flux is greatly enhanced 336 

(Figure 6). Overall, that friction velocity, soil Hg and organic content are the most influential parameters 337 

for Hg exchanges over bare lands. Other pre-screened parameters including temperature, Hg scaling 338 

factor (Hg in Eq. 7) and other interaction terms have less significant impact. 339 

 340 

3.2.3. Sensitivity of Exchange over Canopy  341 

Figure 7 illustrates the sensitivity of simulated Hg flux over canopy to the model variables at the two 342 

experimental levels in Table 4. For comparison, the sensitivity results for air-soil exchange under canopy 343 

are also shown. It is clear that the forcing of air-canopy exchange is dominated by the air-soil exchange 344 

under canopy at the two experimental levels. This resembles the Hg0 emission characteristics observed in 345 

a gas exchange system, which suggested that the evasion from soils is much greater than the emission 346 

from the plants grown in the chamber (Frescholtz and Gustin, 2004;Frescholtz et al., 2003). After the 347 

factor pre-screening step (Figures s2-s7 in Supplementary Material), the simulated flux is particularly 348 

sensitive to the change of five parameters. Friction velocity (positive effect, p = 0.020), soil Hg content 349 

(positive effect, p = 0.028) and soil organic content (negative effect, p = 0.030) are the most significant 350 

model parameters (Figure 7). These effects are similar to the sensitivity results of air-soil exchange over 351 

bare lands (Figures 6 & 7), but slightly weaker based on the p values because of the "shielding" of 352 

vegetation coverage that modifies the values of the resistance terms (Rb and Rac) (Zhang et al., 2002a). 353 

Highly moist soil (soil moisture content > 20%, Table 4) has a negative effect because it effectively 354 
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increases soil diffusion resistance (Rg) (Zhang et al., 2003), although the effect is less significant (p = 355 

0.289). Air temperature also has a positive effect as anticipated (p = 0.180). 356 

 357 

The synergistic effect caused by friction velocity and soil Hg content is significant for the air-canopy 358 

exchange (p = 0.028, Figure 7), enhancing the evasion flux by 47 % (77.8 ng m-2 hr-1). Both soil organic 359 

content and highly moist soil condition can offset the positive effects caused by higher friction velocity, 360 

soil Hg content and air temperature at different degrees (Figure 7), with the soil organic content being 361 

more influential. Higher soil organic content at high soil moisture (>20 %) yields a weak positive effect 362 

(p = 0.340), this is interpreted as the combined negative effect of the two parameters is smaller than the 363 

sum of the two individual effects. Overall, these characteristics resemble the air-soil exchange because the 364 

air-canopy exchange is dominated by the air-soil exchange under canopy. 365 

 366 

Atmospheric mercury can deposit on the surface of cuticle or be accumulated in leaves through stomatal 367 

uptake (Figure 1). For cuticular exchange, air temperature has a significant positive effect (Figure 8). 368 

Since air-cuticle exchange is mainly deposition (negative flux), this means that a higher air temperature 369 

leads to smaller deposition or greater evasion (p < 0.001). Friction velocity has a strong negative effect 370 

(i.e., higher deposition at higher friction velocity, p < 0.001) on the simulated flux. Higher soil organic 371 

content (p = 0.009) and highly moist (>20%) soil (p = 0.194) increase the simulated flux (i.e., weaken the 372 

deposition) by decreasing the canopy compensation point (߯௖ in Eq. 8). Under the circumstance, Hg 373 

deposits preferentially to soil and therefore a reduced deposition on cuticle. Higher soil Hg content 374 

decreases the flux (p = 0.008) by increasing the overall compensation point (߯௖௡௣ in Eq. 8), suggesting 375 

greater deposition on cuticle at higher soil Hg content. For stomatal exchange, the trend of single factor 376 

effect is the same as that of cuticular exchange. 377 

 378 
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Several notable interaction effects are observed for foliar exchanges. For cuticle exchange, the deposition 379 

is reversed from deposition to evasion at the high air temperature level, leading to the overall positive 380 

interaction effect for air temperature and friction velocity (Figure 8, p < 0.001). The positive effect of soil 381 

organic content significantly offsets the negative effect of friction velocity (p = 0.010) and soil Hg content 382 

(p = 0.016). For stomatal exchange, the only significant interaction effect is between soil organic and Hg 383 

content, which is more dominated by soil organic content. Overall, the foliar exchange is primarily 384 

controlled by air temperature and friction velocity because the resistance terms can be affected by the two 385 

variables. This is in contrast to the evapotranspiration approach where soil Hg content plays a 386 

predominant role in simulated Hg0 evasion flux (Bash et al., 2004;Gbor et al., 2006). 387 

 388 

In this analysis, the effect of solar irradiance is not as significant as the selected parameters under the 389 

resistance model scheme and has been ruled out during the pre-screening for the model variables (Section 390 

2.4 and Figures s2~s6). In the model, solar irradiation can influence the flux in three ways: (1) through 391 

modifying the rate constant of Hg(II) reduction in soils and foliage (Eqs. 6 &10 &16), (2) through forcing 392 

the change of aerodynamic resistance (Ra and Rac), and (3) through forcing the change of cuticular and 393 

stomatal resistance terms (Rc and Rst). For air-soil exchange, the effect of solar irradiance on the reduction 394 

rate constant is the most sensitive process (Eqs. 6 & 10). The photoreduction of Hg(II) in soils has been 395 

suggested to be responsible for the increased soil flux observed under sunlit condition (Gustin et al., 396 

2002). There have been kinetic studies showing that increasing UV-A intensity by 75% approximately 397 

doubles the photoreduction rate in the aqueous phase (Qureshi et al., 2010). However, the effect of lights 398 

on the kinetics of Hg(II) reduction in soils is poorly understood. In this modeling, the photoreduction rate 399 

constant was set to a mean value (Eq. 6). This limits a full examination of the true impact of solar 400 

irradiation on the simulated Hg flux. Results from experimental studies on Hg(II) photoreduction rates 401 

will help reduce this model uncertainty. For foliar exchange, solar irradiation has a weak positive effect 402 
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on the flux (i.e., slightly weakens deposition, Figure s4), but has a significant positive effect on the 403 

stomatal exchange (p= 0.004, Figure s5).  404 

 405 

4   Conclusions 406 

An updated model for estimating the bidirectional air-surface exchange of Hg is presented based on the 407 

current understanding of surface resistance schemes. From the base-case results, water and soil surfaces 408 

are net sources and vegetation is a net sink of Hg0. Each natural surface exhibits a different diurnal and 409 

seasonal variation. Sensitivity analysis of model variables using a 2-level factorial design of experiments 410 

shows that atmospheric shear flows (surface wind over water and friction velocity of terrestrial surfaces), 411 

dissolved gaseous mercury (DGM) concentration, soil organic and Hg content, and air temperature are the 412 

most influential factors controlling the magnitude of the atmosphere-biosphere exchange of Hg0. 413 

However, the positive effect of friction velocity and soil Hg content on the evasion flux from soil and 414 

canopy can be greatly offset by the negative effect of soil organic content. Significant synergistic effects 415 

are identified between surface wind and DGM level for water surface, and between soil Hg content and 416 

friction velocity for soil surface, leading to ~50% enhanced flux in the combined effect compared to the 417 

sum of their individual effects. The air-foliar exchange is mainly controlled by surface resistance terms 418 

controlled by environmental parameters such as solar irradiation and air temperature. 419 

 420 

The uncertainty in this modeling assessment is primarily from the lack of knowledge in (1) the spatial 421 

distribution of organic and Hg content in soil and DGM concentration in water, (2) the reduction 422 

mechanism and kinetics of Hg(II) in soil and water, and (3) the values of resistance terms over different 423 

natural surfaces. More research in providing geospatial distribution of Hg in water and soil will greatly 424 

improve the model estimate. Further elucidation on the interaction of Hg and organic carbon in top soil 425 

and surface water as well as quantification of the surface resistance terms specific to Hg species will also 426 
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help improve the model scheme. Recent field and experimental investigations have suggested that organic 427 

carbon in soil potentially shapes the distribution of Hg in forest at continental scales (Obrist et al., 2011) 428 

and that the long-term Hg evasion from soil is highly related to the Hg and organic carbon interactions 429 

(Smith-Downey et al., 2010). Given the predominance of soil organic content in reducing soil Hg evasion 430 

flux using the mechanistic approach in this study, soil organic content is likely the controlling factor 431 

determining the intensity of air-soil Hg0 exchange.  432 
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Table 1. Model variables and units in the base-case simulation 663 

Term Description Value or units 

Fw Flux from water bodies ng m-2 hr-1 

Kw Mass transfer coefficient of mercury through water layer m hr-1 

Cw DGM concentration 40 ng m-3 water a 

Hw Henry’s law constant under water conditions dimensionless 

 ௖௡௣  The flux over canopy biomes ng m-2 hr-1ܨ

 Time duration s  ݐ∆

ܴ௔  Aerodynamic resistance s m-1 

ܴ௕  Quasi-laminar sub-layer resistance s m-1 

 ௔௧௠  Atmospheric Hg concentration ng m-3ܥ

߯௖௡௣  The total compensation point ng m-3 

߯௖  Cuticular interfaces compensation point ng m-3 

߯௦  Stomatal interfaces compensation point ng m-3 

߯௚  Soil interfaces compensation point ng m-3 

ܴ௖  cuticular resistance s m-1 

ܴ௦  stomatal resistance s m-1 

ܴ௚  soil diffusion resistance s m-1 

ܴ௔௖  in-canopy aerodynamic resistance s m-1 

 ௕௟௦  the flux from bare land soil ng m-3ܨ

ሾ݃ܪ଴ሿ௦௟   elemental mercury content bound to organic matter ng g-1 soil 

H Henry's Law constant in soil condition dimensionless 

௢݂௖  fraction of organic carbon in topsoil (0-5cm) 2% (dimensionless) b 

 ௢௖  soil organic carbon to water partitioning coefficient m3 water g-1 organic carbonܭ

ሾ݃ܪሺܫܫሻሿ௦௟ Hg(II) content in the soil 90 ng g-1 soil c 

ܴ௚ሺௌைమሻ  SO2 soil diffusion resistance s m-1 

ܴ௚ሺைయሻ  O3 soil diffusion resistance s m-1 

ு௚బߙ   Hg0 scaling factor basing on SO2 0  (dimensionless) d 

ு௚బߚ   Hg0 scaling factor basing on O3 0.1  (dimensionless) e 

 leaf-air partitioning coefficient for Hg0 between leaves ܲܣܮ

and air 

30000 (dimensionless) f 

ሾ݃ܪ௖଴ሿ  Hg0 content bound to foliar cuticular surface ng m-3 leaf 
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ሾ݃ܪ௖ூூାሿ  newly dry deposited Hg(II) residing on cuticular surfaces  ng m-2 leaf  

ሾ݃ܪ௖,஽஽
ூூା ሿ  the total dry deposited Hg(II) loading on cuticular 

compartment  

ng m-2 leaf  

ሾ݃ܪ௪ூூାሿ  Hg(II) leaf wash concentration 0.04 ng m-2 leaf g 

௥݂௫௡  fraction of Hg(II) potentially photo-reduced to Hg0 dimensionless 

௙݂௜௫௘ௗ  fraction of Hg(II)  being fixed into tissue dimensionless 

௟ܶ  leaf thickness 0.000152 m h 

ሾ݃ܪ௦଴ሿ  Dissolved elemental mercury in stomatal compartment ng m-3 leaf 

ሾ݃ܪ௦,஽஽
଴ ሿ  deposited Hg0 concentration stored inside stomatal 

compartment 

0.39 ng m-2 leaf hr-1 i 

Rst resistance associating stomata apertures s m-1 

Rme  resistance associating mesophyll reservoir s m-1 

Wst fraction of stomatal blocking under wet condition dimensionless 

a Value for base-case simulation, Xu et al. (1999); 664 
b For 0-20 cm topsoil, the bulk density is 1.1-1.3 g cm-3 and organic carbon content is 3.3 kg m-2 in the US 665 

(Calhoun et al., 2001;Guo et al., 2006), so assuming in the 0-5 cm topsoil foc is 2%; 666 
c Value for base-case simulation, Bash (2010) ; 667 
d Basing on the negligible solubility (Henry's constant=0.139 M atm-1) and chemical inertness (Zhang et 668 

al., 2009b;Zhang et al., 2012) ; 669 
e Zhang et al. (2012); 670 
f Rutter et al. (2011a);  671 
g Value for base-case simulation, Frescholtz et al. (2003);  672 
h Value for base-case simulation, Abrams and Kubiske (1990); 673 
i Value for base-case simulation, Poissant et al. (2008).  674 



28 
 

Table 2. Examined model variables and the experimental levels of factorial design for air-water exchange  675 

Term Description Low level High level 

T Sea surface temperature (°C) -2 a 35 a 

GEM Air Hg0 concentration (ng m3) 1.0 b 2.0 b 

DGM Dissolved Hg0 concentration in surface water(ng m-3)  15 c 240 c 

W Wind speed at 10 m above water surface (m s-1) 0.001d 20 d 

a Kwun and You (2009); 676 
b According to global background of air Hgo at 1.1~1.7 ng m3 (Lindberg et al., 2007); 677 
c Morel et al. (1998); 678 
d Andersson et al. (2011).  679 
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Table 3. Examined model variables and the experimental levels of factorial design for air-soil exchange 680 

over sparsely vegetated land, bare ground tundra and snow/ice land 681 

 682 

Term Description Low level High level 

T Air temperature at 2 meters (°C) -2 40 

Q2 Water vapor mixing ratio (Kg Kg-1) 0.0005 a 0.05 a 

foc Fraction of organic carbon in surface soil 0.006 b 0.1c 

UST Friction velocity(m s-1) 0.0001d 1.0 d  

SM Soil  Hg content (ng g-1 soil) 50 e 1000 e 

GEM Air Hg0 concentration (ng m-3) 1.0 2.0 

SNOWH Snow depth (m) 0 f 0.4999 f 

Hg0 Scaling factor of reactivity Hg  0.1g 0.2 h 

DC Dew condition No i Yes i 

RC Rain condition No j Yes j 

MC Moist soil condition  No k Yes k 

a Kwun and You (2009); 683 
b Suggested default value for modeling of volatilized contaminant to air by USEPA (2004); 684 
c Upper limit of the forest soils (Jones et al., 2004);  685 
d Akkarappuram and Raman (1988) 686 
e Carpi and Lindberg (1998); 687 
f Has effect on ground and cuticular resistance, Zhang et al. (2003); 688 
g  Zhang et al. (2012) ; 689 
h  Zhang et al. (2009a) ;  690 
i Air temperature below dew point represents low level and vice versa, has effect on ground and cuticular 691 

resistance (Zhang et al., 2003); 692 
j Has effect on ground and cuticular resistance terms (Zhang et al., 2003) ; 693 
k Soil moisture > 20% represents low level and vice versa, the high level suggests highly moist soil 694 

(Zotarelli et al., 2010).  695 



30 
 

Table 4. Examined model variables and the experimental levels of factorial design for air-canopy exchange 696 

Term Description Low level High level 

T Air temperature at 2 meters (°C) -2 40 

foc Fraction of organic carbon in surface soil 0.006 0.1 

UST Friction velocity(m s-1) 0.0001 1.0 

SM Soil total Hg content (ng m-3) 50 1000 

Hg0 Scaling factor of reactivity Hg  0.1 0.2 

SNOWH Snow depth (m) 0 0.4999 

LAI Leaf area index (m2 m-2) 1.0 a 5.0 a 

SR Solar irradiation (W m-2) 0 1000 

Leaf_Hg Hg concentration in leaf rinse (ng m-2 leaf) 0.02 b 2.10 c 

Stomata_Hg Hg previously deposited to leaf stomata (ng m-2 leaf) 0.13 d 0.59 d 

GEM Air Hg0 concentration (ng m-3) 1.0 2.0 

 Leaf-air partitioning coefficient (m3 air m-3 leaf) 30000 e 6000000 e ܲܣܮ

DC Dew condition No Yes 

RC Rain condition No Yes 

MC Moist soil condition  No Yes 

a Gower et al. (1999) 697 
b Frescholtz et al. (2003) 698 
c Fay and Gustin (2007) 699 
d Poissant et al. (2008) 700 
e Rutter et al. (2011)  701 
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1. Use of 2k-p factorial design for  

Design of experiments is a series of tests in which purposeful changes are made to the 

input variables of a process systematically and the effects on response variables are 

measured. It is widely applied in the experiments involving many influencing factors, 

when it is necessary to study the combined effect of these factors. For a two-level design 

involving a high-level and a low-level value for each factor, the number of all possible 

combinations is 2k (for example, for two factors the combinations is low-low, low-high, 

high-low and high-high), which also represent the number of experiments. This 

exponential relationship rapidly increases the number of experiments when the number of 

studied factors is increased. To reduce the experimental effort without losing the analytical 

power of the experiments, the number of experiment can be decreased strategically by 

choosing the experiments that investigate the main effects (i.e., the effect of single factor) 

and interaction effects of lower order. This is called fractional design and the number of 

experiment can be reduced by 2p times (i.e., the number of experiment becomes 2k-p). The 

term “Resolution” is used by statisticians to indicate how the experiments are chosen. For 

IV resolution design, all the main effects are completely isolated from confounding with 
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all other experimental runs and the second-order (two-factor) interactions are maintained 

without confounding with higher order interactions. Based on the factorial experiment 

results, statistical test can be performed to understand the significance of each factor using 

P value. 

 

An excellent online presentation on factorial design of experiments is also available at 

http://www.jhuapl.edu/techdigest/td/td2703/telford.pdf. 

 

2. Initial parameter screening for bare lands  

Normal plot of the standardized effects of 211-6 (Figure s1) suggests significant effect from 

fraction of organic carbon, friction velocity, soil Hg content at 95% confidence level. The 

P-value of main effects from air temperature at 2 meters and scaling factor for reactivity of 

mercury on ozone ( ) were close to 0.05 (0.069 and 0.073, respectively). For the 

second order interactions, air temperature and  are important. Therefore fraction of 

organic carbon, friction velocity, soil Hg concentration, air temperature, , were 

chosen for the final 25 full factorial design. 

 

3. Initial parameter screening for canopy system 

The alias structure of the 215-9 fractional design is complex (Figure s2). To ensure that the 

most significant factors are selected for the final full factorial design, all parameters 

confounded in alias system were chosen to run 211-6 experiment except for air Hg0 

concentration because its weak significance (P = 0.437). From the results of the 211-6 

fractional design (Figure s3) result, the fraction of organic carbon, friction velocity, soil 

Hg concentration, , soil moisture condition are significant. The P-value of main 

effects from Hg previously deposited to leaf stomata and air temperature were close to 

0.05 (0.069 and 0.136, respectively). Therefore, fraction of organic carbon, friction 

velocity, soil Hg concentration, , soil under moisture condition, Hg previously 

deposited to leaf stomata and air temperature were chosen to for another 27-1 fractional 
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experiments. Based on the results (Figure s7), the main effects from fraction of organic 

carbon, friction velocity, soil Hg concentration are significant. To get the full design, Hg 

previously deposited to leaf stomata and  were eliminated because of the relatively 

weaker significance. 
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