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Abstract

Vegetative mercury emissions were estimated within the framework of Biogenic Emission Inventory System (BEIS3 V3.11). In this
estimation, the 19 categories of U.S. Geological Survey landcover data were incorporated to generate the vegetation-specific mercury
emissions in a 81-km Lambert Conformal model grid covering the total Chinese continent. The surface temperature and cloud-corrected
solar radiation from a Mesoscale Meteorological model (MMS5) were retrieved and used for calculating the diurnal variation. The
implemented emission factors were either evaluated from the measured mercury flux data for forest, agriculture and water, or assumed
for other land fields without available flux data. Annual simulations using the MM5 data were performed to investigate the seasonal
emission variation. From the sensitivity analysis using two sets of emission factors, the vegetative mercury emissions in China domain
were estimated to range from a lower limit of 79 x 10% kg/year to an upper limit of 177 x 10° kg/year. The modeled vegetative
emissions were mainly generated from the eastern and southern China. Using the estimated data, it is shown that mercury emissions
from vegetation are comparable to that from anthropogenic sources during summer. However, the vegetative emissions decrease greatly

during winter, leaving anthropogenic sources as the major sources of emission.
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Introduction

Terrestrial surfaces are unequivocally important in mer-
cury (Hg) cycling between the atmosphere and the Earth’s
surface (Lindberg, 1996). Hg can be emitted from terres-
trial surfaces to the atmosphere and deposited to terrestrial
surfaces from the atmosphere by wet and dry processes.
Hg emissions from anthropogenic sources have increased
Hg deposition, which could significantly alter the basic
picture of natural Hg cycling (Kim et al., 1997). Field
measurements of Hg air/soil surface exchange have been
increasing in this decade, and the results show the essential
roles of soils in the regional and global cycling of Hg
(Kim et al., 1997; Carpi and Lindberg, 1998; Zhang and
Lindberg, 1999; Feng et al., 2005). Soils enriched with Hg
have been considered to be important sources contributing
to the atmospheric Hg load (Rasmussen, 1994; Gustin et
al., 2003). The latest field investigations indicated that
these natural sources may be comparable to the anthro-
pogenic sources in their impacts on regional and global
atmospheric Hg pools (Gustin et al., 1999).

The Hg emissions in China continue at high levels
because of the large quantities of coal combustion and the
extent of other mercury-releasing activities. The estimated
anthropogenic Hg emissions in China were 536 x 10° kg
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in 2000 (Streets et al., 2005). Pacyna and Pacyna (2002)
estimated that Hg emissions from China contributed more
than 25% to total global emissions. High Hg emissions
lead to high Hg concentration in air (Liu et al., 2002;
Feng et al., 2003) and high Hg deposition in some areas
of China (Fang er al., 2001; Xiao et al., 1998; Tan et
al., 2000; Feng et al., 2002). Hg content in soil has also
increased accordingly, especially in and around cities and
industrial areas (Hou et al., 2005a; Wang et al., 2005; Fang
and Wang, 2004; Lin et al., 2007; Lai et al., 2005). All of
the above works are important to understand the situation
of Hg contamination in China. But, till date there is no
report on total vegetative Hg emissions in China except
for some regional estimation (Feng et al., 2005; Zhang et
al., 2005; Wang et al., 2005). Therefore, it is necessary
to estimate total Hg emission from vegetative sources in
China to understand its roles in Hg cycling.

In this article, vegetative Hg emissions in the total
Chinese continent domain within the framework of Bio-
genic Emission Inventory System Version 3.11 (BEIS3;
Lamb et al., 1993) was estimated. BEIS3 calculates the

temporally and spatially resolved vegefative emissions of
Hg based on landuse/landcover data, mdteorological fields,
and Hg emission flux (ng/(m?-h)) for giyen landuse type or
vegetation species.
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1 Method

1.1 Models, domain and input data

The version 3.11 of BEIS3 was used in this article,
a stand-along research version on UNIX/Linux platform.
The model calculates the plant-species-specific emissions
of volatile organic compounds (VOCs) and NO, for the
landuse/landcover types listed in the U.S. Geological
Survey Biogenic Emissions Landcover Data Version 3
(BELD3) datasets. The BELD3 data, along with the Hg
emission factors estimated from this work, were used to
generate the normalized vegetation-specific Hg emissions
in a 81-km Lambert Conformal grid covering the entire
Chinese continent (Fig.1). The surface temperature and
cloud-cover-corrected solar radiation from a Mesoscale
Meteorological model (MMS5 Version 3.6, Grell et al.,
1994) were retrieved and converted into model-ready for-
mat using a Meteorological Chemistry Interface Processor
(MCIP2, Byun and Ching, 1999). The converted data were
used for temperature and solar radiation corrections to
calculate the diurnal variation of vegetative emissions. To
estimate the annual mercury emissions from vegetation
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and its seasonal variation, the hourly meteorological fields
of 2003 in an annual simulation was used.

1.2 Model implementation

A regression-based model was used to estimate the Hg
emission flux from vegetation. The goal of the regression-
based approach was to assimilate the modeled Hg emission
intensity to the field observation of Hg flux. The diurnal
variation of the modeled Hg flux was simulated through
the correction factors of solar irradiation and temperature
at earth’s surface, i.e:
F,'ZFSJXCTXCL (1)
where, F; (ng/(m?h)) is the estimated Hg emission flux
for a given landuse type or a vegetation species i, Fj;
(ng/(m?-h)) is the implemented emission factor for species
i (Table 1), Cr is the temperature correction factor, and Cr,
is the solar radiation correction factor. In the evaluation
of Ct and Cp, a equation analogous to Guenther Algo-
rithm (Guenther et al., 1995) for biogenic VOC emission
was assumed because the emission-temperature-radiation
relationship has not been yet available for Hg emission
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Fig. 1 Spatial distribution of the modeled vegetative mercury emissions at different season. (a) January; (b) April; (c) July; (d) October.

Table 1 Average daytime Hg emission intensities used in model runs (unit: ng/(m?-h))

Case 1 Case 2 Reference
Urban 7.7% 31.0 Fang and Wang, 2004 (Case 2)
Irrigated agriculture 4.0 21.5 Lin et al., 2005 (Case 1); Hou et al., O05b (Case 2)
Water 1.0 5.9 Pirrone et al., 2001 (Case 1); Feng effal., 2004 (Case 2)
‘Wetlands 40.0 40.0 Lindberg et al., 2002
Forests 53 5.5 Hanson et al., 1995 (Case 1); Fang agd Wang, 2004 (Case 2)
Other plants 4.0 4.0 Lin et al., 2005

* Estimated as 1/4 of Case 2.
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from vegetation. This method has also been applied in the
estimation of Hg emission in U.S. (Lin et al., 2005).

Because of the uncertainty associated with the reported
vegetative Hg fluxes, the model with two different sets of
Fy; (Table 1) was used. In Case 1, the emission factors of
the vegetation species except for urban are based on the
work of Lin et al. (2005) who used the emission factors for
estimating Hg emissions in the United States. Compared
with the United States, the anthropogenic Hg emissions,
the air concentration of Hg, and Hg deposition are much
high in China, especially in urban and suburban areas
or heavily polluted hotspots (Liu et al., 2002; Feng et
al., 2002, 2003; Tan et al., 2000), which would increase
vegetative emissions correspondingly. Thus, Case 1 would
only represent the lower limit of the vegetative emissions
in China. In Case 2, the emission factors of the vegetation
species are based on the observation in China. Some
researchers assumed that the irrigated agriculture, water,
and urban areas in China have emission flux intensities
of 21.5 ng/(m*-h) (Hou et al., 2005b), 5.92 ng/(m>-h)
(Feng et al., 2004), and 31 ng/(m?-h) (Fang and Wang,
2004), respectively. However, the above emission factor for
agricultural fields was based on the limited observations
which are only confined to suburb where soil Hg content is
much higher than environmental background value (Hou
et al., 2005b; Zhang et al., 2005). As aforementioned,
high concentration of Hg in soil would lead to higher
Hg emission, and vegetative emissions estimated in Case
2 would represent the upper limit in China. The emis-
sion factor for agricultural fields, in this article, is from
observation at Ganzhuang (Hou et al., 2005b), which is
located in suburb of Guiyang City, with soil Hg content
at 0.146 pg/g, amounting to approximately 2 times of
environmental background value. But, lower than soil en-
vironmental quality standards (GB15618-1995; 0.15 pg/g)
(Xia, 1996). Therefore, it is reasonable to take its emission
factor (21.5 ng/(m>-h)) as the upper limit factor of the
vegetative emission for agriculture in China.

Because Hg emission flux was measured only for a
limited number of vegetation species, all the deciduous
forest, evergreen forest, and mixed forest were grouped
in the BELD3 data categories, and used the same average
daytime emission as Fy; (5.5 ng/(m?-h)) for the tree
vegetation groups (Table 1). Emission factor of dry crop,
mixture zone of crop, grass and/or forest is assumed as 1/4
of irrigated crop in Case 2. The output from the model is
temporally (hourly) and spatially resolved gridded emis-
sions in network common data form format. The data in the
subsequent maps are expressed as the emission intensity in
each 81-km grid of the model domain.

2 Results and discussion

2.1 Spatial and temporal distribution of modeled emis-
sions

Figure 1 shows the variation of modeled Hg emissions
in January, April, July, and October. The results were
obtained from the sum of hourly emission of each month

using the emission factor in Case 2 of Table 1. The distri-
bution of Hg emission varies with seasons according to the
change of surface temperature and solar intensity (Fig.1).
The Hg emission could reach up to 18 pg/(m?-month)
in July, whereas in January it was usually lower than
4 pg/(m*>-month). In July, the vegetative emissions are
mainly from the eastern and southern China due to the high
temperature, large coverage area of agricultural landcover,
and dense municipal groups.

The monthly Hg emissions for the two sensitivity cases
are shown in Fig.2. As observed, the annual vegetative
emissions are dominated by the emissions in June and
August. In fact, approximately 50% of the annual emis-
sions are generated during the three summer months, and
approximately 80% of the annual vegetative emissions
are generated from April to September. Summing up the
monthly emissions for the entire year, the annual vegetative
emissions for the two sensitivity cases are 79 x 10° kg
(Case 1) and 177 x 103 kg (Case 2) (Table 2). Modeled Hg
emissions in Case 2 are approximately 2 times of Case 1.
This is caused mainly by the different agricultural emission
factors between Case 1 and Case 2.

2.2 Comparison with anthropogenic Hg emissions

Vegetative Hg emissions release primarily as gaseous
elemental mercury (GEM), whereas anthropogenic emis-
sions release as GEM, reactive divalent mercury, and
particulate mercury depending on the sources, fuel types,
and emission control devices. Vegetative emissions, 79
x 10° kg (Case 1) and 177 x 10° kg (Case 2) (Table
2), account for 13% (Case 1) and 25% (Case 2) of the
total Hg emissions and 21% (Case 1) and 37% (Case
2) of the total GEM emissions. Vegetative Hg emissions
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Fig. 2 Seasonal variation of the modeled vegetative mercury emissions
in China domain for two sensitivity cases.

Table 2 Comparison of Hg emission and speciation by anthropogenic
and vegetative sources in China (unit: x 10° kg)

Hg Anthropogenic® | Case 1 Case 2
Gaseous elemental mercury 300 79 177
Reactive divalent mercury 172 0 0
Particulate mercury 64 0 0
Total Hg 536 79 177

4 Data are obtained from Streets ef al. (2005).
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take up high percentage among total Hg emissions during
summer. For example in July, vegetative emissions would
account for 42% (Case 1) and 56% (Case 2) of the total
GEM emissions. However, during winter, anthropogenic
sources dominate the Hg emissions from vegetation due
to the smaller emission caused by the much lower sur-
face temperature and solar radiation. From the sensitivity
analysis, it is concluded that Hg emissions from vegetation
could constitute a significant fraction of the total mercury
input to the atmosphere, and should be included in the
emission inventory processing of Hg, especially during
warm months.

Most mercury emission inventories only include an-
thropogenic emissions and neglect the large contribution
of the natural mercury cycle because of difficulty in
spatially estimating natural emissions and uncertainties
in the natural emission process. Natural mercury emis-
sion was highlighted gradually with the research of the
cycling of atmospheric mercury. Lin ef al. (2005), Bash
et al. (2004), and Pirrone et al. (2001) estimated natural
mercury emission in the United States, Canada, and the
Mediterranean region, respectively. In the work of Bash
et al. (2004), the estimation of natural mercury flux were
presented for only two weeks period during July. In the
work of Pirrone et al. (2001), natural sources only include
the volatilisation of elemental mercury from surface water
and emissions from volcanoes, whereas the contribution
from soil and vegetation was not included. Therefore, only
the estimation by the authors is compared with that of Lin
et al. (2005), who estimated the natural mercury emission
in the continental United States to be 44 x 10° kg/year.
In the present estimation, vegetative Hg emission in China
was (79-177) x 10® kg/year, which was approximately 2—4
times of that in the United States. It is commonly accepted
among the mercury research community that mercury
emission from vegetation is caused by the deposition of
mobilized mercury by human activities, followed by the
uptake and transpiration of elemental gaseous mercury by
vegetation (Bishop er al., 1998; Lindberg et al., 2002,
Obrist et al., 2005). Anthropogenic mercury emission in
China is estimated to be 536 (+236) x 10° kg (Streets et
al., 2005), which is much higher than that in the United
States (142 x 103 kg; Lin et al., 2005). Therefore, high
anthropogenic mercury emission might be the main reason
that causes the difference of natural mercury emission
between China and the United States.

2.3 Uncertainties in the simulation

Uncertainties associated with the current estimation are
composed mainly of two parts. (1) Limited laboratory and
field data have impeded the understanding of Hg emis-
sions. Very few observations are carried out in China on
Hg emission flux from vegetations and mainly confined to
limited vegetation categories, so much landuse/vegetation
categories were only assumed with the same emission
factor in this article. Additional emission factors can be
implemented in the model once further mercury flux data
become available. (2) The Hg concentration in soil is also
one key factor controlling Hg emission rate from soil to

the air, but soil/water mercury content on Hg exchange
between vegetations and the atmosphere is not included
in the model, which would cause a certain error in the
simulation. To avoid the above uncertainties, 2 sets of
emission factors to calculate the natural mercury emissions
in China are selected, one is from the observation at
relative clean regions (Lin et al., 2005), the other is from
the observation at light polluted regions of China. The
range of natural mercury emission estimated in this work
can represent the actual emission in China reasonably.

3 Conclusions

In this study, the vegetative mercury emissions in the
BEIS3 framework in a 81-km model domain covering
the Chinese continent was estimated. From the sensitiv-
ity analysis, it is estimated that the vegetative mercury
emissions range from a lower limit of 79 x 10° kg/year
to an upper limit of 177 x 10° kg/year. The vegetative
emissions are mainly generated from the southern and
eastern China, and exhibit strong diurnal and seasonal
variations. The annual vegetative emissions are dominated
by the emissions during June and August. In fact, approx-
imately 50% of the annual emissions are generated during
the three summer months, and approximately 80% of the
annual vegetative emissions are generated from April to
September. Vegetative emissions in China would account
for 13% to 25% of the total Hg emissions, and 21% to 37%
of the total GEM emissions.
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