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ABSTRACT: Despite 30 years of study, gaseous elemental
mercury (Hg0) exchange magnitude and controls between
terrestrial surfaces and the atmosphere still remain uncertain.
We compiled data from 132 studies, including 1290 reported
fluxes from more than 200 000 individual measurements, into a
database to statistically examine flux magnitudes and controls.
We found that fluxes were unevenly distributed, both spatially
and temporally, with strong biases toward Hg-enriched sites,
daytime and summertime measurements. Fluxes at Hg-
enriched sites were positively correlated with substrate
concentrations, but this was absent at background sites.
Median fluxes over litter- and snow-covered soils were lower
than over bare soils, and chamber measurements showed
higher emission compared to micrometeorological measure-
ments. Due to low spatial extent, estimated emissions from Hg-enriched areas (217 Mg·a−1) were lower than previous estimates.
Globally, areas with enhanced atmospheric Hg0 levels (particularly East Asia) showed an emerging importance of Hg0 emissions
accounting for half of the total global emissions estimated at 607 Mg·a−1, although with a large uncertainty range (−513 to 1353
Mg·a−1 [range of 37.5th and 62.5th percentiles]). The largest uncertainties in Hg0 fluxes stem from forests (−513 to 1353 Mg·a−1

[range of 37.5th and 62.5th percentiles]), largely driven by a shortage of whole-ecosystem fluxes and uncertain contributions of
leaf-atmosphere exchanges, questioning to what degree ecosystems are net sinks or sources of atmospheric Hg0.

1. INTRODUCTION

Gaseous elemental mercury (Hg0) is the dominant form of
mercury (Hg) in the atmosphere1,2 with background levels
generally from 1.0 to 1.7 ng m−3 in the Northern Hemi-
sphere3−5 and from 0.5 to 1.2 ng m−3 in the Southern
Hemisphere.6−9 Between 29 and 33% of all atmospheric
emissions stem from primary anthropogenic sources (artisanal
and industrial mining, coal and fuel combustion, waste
treatment, chloro-alkali production, and others), and between
5 and 13% from primary natural geogenic sources (e.g.,
volcanism and soil/rock alteration).10−15 Secondary emis-
sionsHg0 re-emissions of previous deposition, also called
legacy emissionsare considered an important flux in the
global Hg biogeochemical cycle, accounting for an estimated
56−65% of total atmospheric Hg emissions.15−17 A key
significance of such re-emissions is that they ultimately expand
both the spatial and temporal extent of Hg pollution via
multiple surface−atmosphere exchanges (or hopping) and the
underlying reason for re-emissions is that Hg0 has a high vapor

pressure (163 × 10−3 Pa at 20 °C), is semivolatile, and is readily
exchanged between surfaces (e.g., vegetation, soils, snow, ice,
and water) and the atmosphere (i.e., deposition and
emission).18−21

Hg0 surface−atmosphere exchange has been extensively
studied in Hg-enriched sites (both naturally enriched and
atmospherically influenced)22−26 and background sites27−30

during the last 30 years. By scaling up field measurements from
46 sites across the United States, Ericksen et al.31 estimated
annual natural Hg0 emissions of 52 Mg·a−1 from Hg-enriched
soils and net emission of 43 Mg·a−1 from background soils in
the United States. These calculations suggest that background
areas also contribute significantly to atmospheric Hg0 emissions
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despite low soil Hg concentrations and therefore low
atmospheric emission potential.32,33

Hg0 flux studies thus far have revealed several important
environmental factors that modulate Hg0 fluxes from terrestrial
surfaces, including the following: (1) solar radiation26,34−36

which induces photoreduction;37 (2) air and soil temperatures
with higher temperatures generally stimulating Hg0 eva-
sion;22,38,39 (3) precipitation and soil moisture that stimulate
emissions at some sites but reduce emissions at
others;22,25,29,40−44 and (4) atmospheric Hg0 concentrations
that also have both positive and negative effects on
fluxes.18,26,45,46 Effects of these variables have been quantified
in many studies, while other potentially important controls
have been poorly characterizedincluding, for example, the
roles of UV−B radiation,47,48 litter cover,49,50 or overburden at
geogenic sites.48,51 The importance of all factors, however,
appears to vary from site to site and study to study.52,53

We performed a comprehensive comparison of previous
study results with the intent to constrain uncertainties such as
the large range in magnitude of reported Hg0 fluxes and
discrepancies in the processes that control Hg0 exchange
among sites and studies, and ultimately to better quantify the
magnitude of terrestrial-atmosphere fluxes. To complete this
analysis, we created a new global database integrating terrestrial
Hg0 flux measurements and controlling processes available in
the literature. Further, we aimed to (1) characterize the spatial
and temporal coverage of current global terrestrial surface−
atmosphere Hg0 measurements; (2) evaluate the magnitude of
Hg0 fluxes over terrestrial surfaces with different levels of Hg
contamination and by various land cover types; (3) compare
influences of environmental variables that control Hg0 fluxes
and their consistency across studies and across the global data
set; (4) determine if the measurement method causes
differences in Hg0 fluxes; and finally (5) constrain net global-
scale terrestrial Hg0 exchange using statistical frequency
distribution and confidence intervals for various ecosystems
and soil Hg burdens.

2. GLOBAL HG0 FLUX DATABASE

The structure of the Hg0 flux database was developed to
integrate a large amount of published data including environ-
mental and methodological information and on factors
controlling Hg0 exchange across a variety of different terrestrial
ecosystems and surfaces (Figure S1, Supporting Information).
This database included factors well-known in the literature to
influence Hg0 exchange, such as substrate Hg concentration; air
temperature; measurement methodology; as well as environ-
mental variables, such as land cover, surface type, and soil cover
(e.g., litter or snow). We compiled a comprehensive set of 52
auxiliary variables for evaluation and synthesis of Hg0 fluxes in
the data set, although not all variables were available for each
study. Each data entry corresponds to one Hg0 flux reported in
a study−consisting of subhourly, hourly, daily, monthly, or
annual flux measurement averages.
Based on the number of individual flux measurements

reported from the 132 scientific studies included in the
database, we estimated that the data set represented more than
200 000 individual flux measurements. Since raw data of
individual flux measurements were generally unavailable to
extract from published papers, we worked with partially
averaged and summarized (i.e., aggregated) data. This also
had the advantage that outliers, unusually high variability, or
unreasonable flux data already had been removed by the
individual author’s quality control and assurance protocols
during publication of the respective studies. The database,
therefore, contained 1290 Hg0 flux measurements. Although
these measurements represented partially summarized or time-
averaged data, the data set included short-term flux measure-
ments (e.g., 10−20 min flux values)54,55 as well as high
frequency signals (such as from micrometeorological methods),
in part showing unusually large deposition and emission fluxes.
For that reason, we removed extreme values based on statistical
outlier analysis for each class of measurements (see below),
whereby we characterized outliers as fluxes that were more than
1.5 times the interquartile range (IQR) above the third quartile

Figure 1. Coverage of study sites by averaged Hg0 flux (the brown areas correspond to the terrestrial mercury mineral belts,58,59 A), number of
publications per year along with (B), seasonal (C) and diel (D) proportions of measurements.
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or below the first quartile.56 This procedure removed 15% of all
data from the database, so that our remaining database
contained 1094 Hg0 flux measurements.
We manually entered individual Hg0 flux measurements, as

well as available related auxiliary data, in Access 2013
(Microsoft Corp., Redmond, Washington). We used summary
(means, standard deviations, medians, minima, and maxima)
and descriptive statistics to synthesize and constrain Hg0 fluxes
from various terrestrial surfaces across a large and diverse global
study domain. Because of distribution skewness, we used
median values for comparison and a percentile method (α =
0.05) for calculation of confidence intervals. The difference of
Hg0 fluxes between groups of data was determined using
Kruskal−Wallis tests (α = 0.05). Linear correlations and
Spearman correlation coefficients (ρ) were used to evaluate the
influence of controlling factors on Hg0 flux measurements. We
performed all statistical treatments using R 3.2.2 (R Foundation
for Statistical Computing, Vienna) and RStudio 0.98 (RStudio
Inc., Boston, Massachusetts) and the ggplot257 package for
density plots (bandwidth = 1); Quantum GIS 2.8 (Quantum
GIS Development Team, 2015) was used to map spatial
distribution of the study sites using a world map from Natural
Earth (naturalearthdata.com).

3. SPATIAL AND TEMPORAL COVERAGE OF HG0

FLUX MEASUREMENTS
Studies implemented in this database were published between
1977 and 2014 (Figure 1B), including Hg0 fluxes that ranged
from −5493 to 336 000 ng m−2 h−1 measured across 243
different sites. The sites were unevenly distributed across the
world (Figure 1A): most study sites were located in North
America (55.6%), Asia (25.1%), and Europe (12.8%); large
areas were fully or nearly devoid of Hg0 flux data, including
Africa, Central Asia, Australia, and many polar regions. Sixteen
percent of the study sites (and 35% of all flux measurements)
were located in naturally enriched zones (i.e., the global
mercury mineral belts; Figure 1A),58,59 in particular along the
West Coast of the United States.42,51,60 Not only were
geographical areas differently represented, but measurement
types within various geographical regions, also showed large
differences in landscapes. For example, North American

measurements were dominated by measurements in remote
forests and mining sites, in Europe measurements originated
mainly from grasslands and contaminated wetlands, and
measurements in East Asia were dominated by background
grassland as well as contaminated croplands. Given these
geographical distribution patterns, it is infeasible to perform an
unbiased regional analysis of flux data, thus our spatial analysis
focused more on effects of surface cover types than geographic
differences. Seventy-five percent of the studies were carried out
in the field or under field-like conditions (e.g., mesocosm
experiments), and 25% were laboratory studies performed
under controlled conditions.
The temporal distribution of measurements also was highly

skewed: measurements from spring and summer accounted for
half of the total Hg0 flux measurements, whereas fall and winter
together only accounted for 17% of the measurements (Figure
1C). Twenty-eight percent of data did not include sampling
times or dates, and 5% of flux measurements were performed
across multiple seasons (i.e., long-term measurements). Flux
measurements were more heavily focused on daytime (47% of
data compared to 13% performed during nighttime; Figure
1D). Thirty-one percent of the data were measurements that
lasted for 24-h or longer (i.e., including day- and nighttime),
and 9% of the data set was without information about the time
of the measurements. Therefore, the assembled data showed
that Hg0 flux measurements were biased both spatially and
temporally.

4. MAGNITUDE OF HG0 FLUXES OVER VARIOUS
ENVIRONMENTAL SURFACES
4.1. Hg0 Flux Magnitudes As a Function of Substrate

and Atmospheric Hg Levels. We statistically summarized
the magnitude of Hg0 fluxes measured over terrestrial surfaces
with different levels of substrate Hg concentrations. For our
examination, we separated measurements into two main classes:
background sites and Hg-enriched sites. Background or
uncontaminated sites in terrestrial environments previously
have been characterized as having substrate Hg concentrations
below a range of 0.1−0.5 μg g−1,40,61−65 and some studies have
used lower levels (0.01−0.05 μg g−1).66 We noticed, however,
that many studies characterized sites as background based on

Table 1. Substrate and Air Hg Concentration Definitions, Statistical Values, And Percentile Interval (PI, α = 0.05) for Each
Level of Contamination

definition flux (ng m−2 h−1)

level
substrate Hg
(μg g−1)

air Hg0

(ng m−3) mean
standard
deviation median min max PI n

outliers
(%) ref.

background ≤ 0.3 ≤ 3 1.22 2.23 0.70 −4.80 8.10 [−2.90;
6.60]

402 14 14, 17, 21, 24−27, 29, 30, 34, 41, 44−46,
48, 69, 70, 78, 79, 89, 93, 94, 96−98,
105, 107, 126−128, 130, 143, 162−185,

188−190, 193−195

atmospherically
influenced

> 3 7.85 12.6 6.60 −18.7 41.7 [−14.9;
32.9]

53 13 18, 25, 36, 45, 53, 82, 183, 195, 196

contaminated > 0.3 8.54 21.6 1.20 −48.5 102 [−22.9;
75.6]

243 21 18−20, 23, 27, 33, 35, 36, 43, 46, 53, 55,
71, 75, 80, 83, 87, 110, 111, 150, 153,
155, 171, 183, 184, 186, 190, 191,

197−210

naturally enriched 104 141 40.0 −1.90 516 [−0.40;
490]

108 8 25, 40, 50, 51, 60, 70, 73, 211, 212

mining 686 1140 140 −1650 4845 [−17.1;
4150]

289 14 22−24, 26, 48, 50, 54, 55, 70, 72, 73, 203,
210−215
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soil Hg concentrations alone, despite some sites having
unusually high air Hg0 concentrations (i.e., well above
hemispheric background levels). In addition to substrate Hg
concentrations, atmospheric Hg0 concentrations also have been
shown to influence surface−atmosphere Hg0 exchange (cf.
section 5), and therefore such sites would be expected to
behave differently compared to true background sites (with low
substrate and atmospheric exposure levels).67 Therefore, we
used thresholds both for substrate Hg and atmospheric Hg0

concentrations to differentiate between background sites and
Hg-enriched sites. Based on the range of background
concentrations from the literature, background sites in our
study were characterized with substrate Hg concentrations ≤0.3
μg g−1. Atmospheric Hg0 concentrations to delineate sites as
background was ≤3 ng m−3, which is about twice the average
Hg0 concentrations commonly observed at background sites.
We classified sites as Hg-enriched when either substrate Hg
concentrations were >0.3 μg g−1 and/or atmospheric Hg0

concentrations were >3 ng m−3. Based on this information,
we subdivided Hg-enriched sites into four categories:
atmospherically influenced (substrate Hg concentration ≤0.3
μg g−1, but atmospheric Hg0 concentration >3 ng m−3),
contaminated (i.e., when anthropogenic pollution was
indicated), naturally enriched (such as from the geologic Hg
mineral belt and geothermal areas), and mining sites (mainly
precious-metal mining such as gold, silver, copper).
Separation of data into these classes revealed a large bias

toward Hg0 flux measurements over Hg-enriched sites (Table 1
and Figure 2), accounting for 63% of all flux measurements;
only 37% of all flux measurements were carried out at
background sites. Considering that <0.5% of soils across the
United States have Hg concentrations >0.3 μg g−1 (based on
4857 soil measurement points in a USGS data set68) and
assuming similar distributions elsewhere, this suggests that Hg0

flux measurements over background sites are underrepresented
by a factor of about 145 compared to Hg-enriched areas. The
relative shortage of Hg0 flux data from remote background areas
that was reported in 1994 by Rasmussen69 therefore still exists
today. The high number of Hg0 flux measurements in Hg-

enriched areas understandably is driven by a particular interest
in the contribution of Hg “hot spots” to global atmospheric Hg0

emissions. At the same time, constraining Hg0 fluxes over the
large majority of global background areas is still challenged by a
relative data shortage adding a high level of uncertainty to
atmospheric Hg0 impacts compared to Hg-enriched areas.
Median Hg0 flux magnitudes from various categories varied

significantly in the following order (Table 1 and Figure 2):
background < contaminated < atmospherically influenced <
naturally enriched < mining areas. The findings of lowest Hg0

fluxes at background sites and highest Hg0 fluxes in mining
areas were not surprising and are attributed to the well-known
influence of substrate concentrations on Hg0 exchange, with
high substrate levels leading to strong stimulation of surface
emissions.26,33,50,51,63,70−74 In fact, mining areas showed by far
the highest substrate Hg concentrations in our database, with a
median substrate Hg concentration of 30.4 μg g−1, compared to
0.9 μg g−1 in contaminated areas or 0.06 μg g−1 across
background sites. Moreover, Hg0 fluxes measured over mining
sites were exclusively performed over bare soils, which typically
exhibit higher fluxes than over any other surface (see below).
The magnitude of Hg0 fluxes also justified defining

atmospherically influenced sites, which had median Hg0 fluxes
almost 10 times higher than background sites (Table 1 and
Figure 2). We attribute enhanced Hg0 emissions at these sites
to possible surface contamination from high atmospheric Hg0

exposure. This contamination likely stimulates emission (or re-
emission), although the level of contamination may be poorly
represented by soil measurements which generally were not
enhanced over a threshold value of 0.3 μg g−1. Locations of
atmospherically influenced sites were predominantly in East
Asia (57%) with 50% of all flux measurements from China
showing atmospheric Hg0 concentrations in the range of 4.0−
29 ng m−3 (median of 7.6 ng m−3 vs 2.3 ng m−3 for all other
areas).36,53,75 This observation highlights the severe atmos-
pheric pollution impact in East Asia and its implications for
atmospheric Hg0 emission and re-emissions from these sites.

4.2. Effect of Land Cover and Soil Cover on Hg0

Exchange. 4.2.1. Land Cover and Soil Cover. In this section,

Figure 2. Distribution of Hg0 fluxes by contamination class (logarithm scale for x-axis shows both positive (emission) and negative (deposition)
fluxes).
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we further categorized background and Hg-enriched sites by
their dominant land cover types (Table 2). We identified six
land cover types for background sites and seven for Hg-
enriched sites (specified in Table 2A and B, respectively).
Within each land cover classification, we further identified the
specific surfaces of flux measurements as follows: if data
included measurements made over bare soils (vegetation-free
sites plus soil surfaces not covered by litter or snow), soils

covered by litter, and measurements made over plant surfaces
(i.e., individual leaves or leaves plus branches).
In the next section, we first focused on discussing Hg0 fluxes

for bare soil surfaces and compared these across different sites
and across different land cover types, and later included other
surfaces. Bare soil measurements accounted for the majority of
all Hg0 flux measurements both in Hg-enriched (80%) and
background (65%) categories, whereas measurements over

Table 2. Summary of Hg0 Fluxes (ng m−2 h−1) by Land Cover and Surface: Background (A) and Hg-Enriched (B) Sites

A. background

land cover surface type mean standard deviation median min max n

forest bare soil 1.26 1.89 1.00 −2.00 7.58 57
soil with litter 1.17 1.64 0.70 −1.54 6.98 49
soil and plant 0.73 2.79 0.70 −4.00 6.00 11
leaf −0.06 2.17 0.05 −3.40 2.70 10
plant 2.96 2.49 2.70 −0.39 5.50 5
all 1.15 1.97 0.87 −4.00 7.58 132

grassland/shrubland bare soil 1.40 1.51 1.15 −0.94 4.81 65
soil with litter 0.18 0.18 1
soil and plant 0.28 2.82 0.00 −4.30 7.70 31
leaf −0.27 0.34 −0.27 −0.51 −0.03 2
moss 0.08 0.08 1
all 0.99 2.05 0.60 −4.30 7.70 100

unvegetated land bare soil 1.63 2.40 0.80 −3.70 8.10 134
cropland bare soil 0.60 0.85 0.60 0.00 1.20 2

soil and plant 2.00 1.27 2.00 1.10 2.90 2
all 1.30 1.20 1.15 0.00 2.90 4

wetland bare soil −0.30 0.05 −0.30 −0.33 −0.26 2
soil and plant 0.32 3.33 0.20 −4.80 6.60 19
plant 0.90 0.90 1
water and plant 0.20 0.20 1
all 0.28 3.02 0.20 −4.80 6.60 23

snow/ice snow over soil 0.87 2.61 0.40 −2.08 7.40 9
B. Hg-enriched

land cover surface type mean standard deviation median min max n

forest bare soil 8.38 7.61 7.15 1.28 22.9 6
soil with litter 3.35 4.99 0.55 −0.50 16.0 14
soil and plant 24.8 39.9 13.5 −25.0 93.0 20
leaf 0.37 18.1 −0.07 −48.5 92.7 78
plant −9.00 −9.00 1
all 5.15 23.6 0.01 −48.5 93.0 119

grassland/shrubland bare soil 67.5 48.5 67.5 33.2 101.8 2
soil and plant 4.04 10.2 2.20 −18.7 30.0 16
moss 1.50 1.50 1
all 10.6 24.9 2.50 −18.7 101.8 19

unvegetated land contaminated bare soil 55.7 243 7.78 −61.9 2330 176
geothermal area 210 167 142 12.0 677 50
rock 42.9 52.5 42.9 5.70 80.0 2
all 89.5 236 14.1 −61.9 2330 228

man-made surfaces mining area 824 1220 245 −1650 4845 230
urban area 1.33 1.93 0.70 0.02 6.50 13
waste 8.35 14.1 7.12 −18.78 41.0 28
all 700 1160 140 −1650 4845 271

cropland bare soil 20.1 18.3 18.2 −4.10 75.6 35
soil and plant 25.7 26.4 17.3 −3.10 77.1 9
all 21.2 20.0 17.8 −4.10 77.1 44

wetland bare soil 42.7 42.7 1
plant 10.5 9.90 10.5 3.50 17.5 2
water and plant 3.56 6.47 1.80 −3.30 13.5 5
all 10.2 14.8 5.00 −3.30 42.7 8

snow/ice snow over soil 6.74 3.98 8.01 0.95 10.0 4
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other surfaces (in particular vegetated surfaces) were under-
represented.
4.2.2. Bare Soil Hg0 Fluxes Across Different Landscapes.

We ranked Hg0 fluxes reported from bare soils in background
areas (Table 2A and Figure 3A) in the following order: wetland
soils < cropland soils < soils in unvegetated areas < forest soils
< grassland/shrubland soils (note that bare soil measurements
existed in all land cover types, including on bare soil “patches”
in grasslands or forest floors). Wetland fluxes are not discussed
further here since we aimed to focus on terrestrial surfaces and
processes. Land use categories for bare soils showed dominant
emission of Hg0 to the atmosphere, but to our surprise, fluxes
over soils at unvegetated sites (i.e., open areas) were on average
25% lower than soils located under canopies (i.e., forests and
grasslands/shrublands). Bare soil fluxes measured over grass-
lands/shrublands exceeded fluxes in forests, although none of
these differences were statistically significant (p = 0.464).
Previous comparisons of fluxes measured over forested and
nonforested soils showed higher Hg0 emissions over grassland
soils compared to forest and unvegetated soils (by a factor of
2−3.5).31,53 Vegetation and plant canopies shade underlying
soils, with forest canopies absorbing up to 99% of the solar
radiation load.76−78 Canopy covers in forests and grasslands/
shrublands, therefore, are expected to reduce Hg0 emissions by
limiting soil warming and solar loads. The lack of significant
flux differences and even a slight trend toward higher Hg0

emission fluxes over bare soils in forests and grasslands as

opposed to open areas may be due to high between-site
variability, so that differences and effects attributable to
individual factors (such as shading) were smaller than the
variability found across sites in the large global data set. Other
reasons for observed patterns, however, may well include the
fact that soils under vegetation show up to 2.5 times higher
substrate Hg concentrations compared to unvegetated bare
soils (attributable to plant-derived Hg deposition),79 which may
promote soil Hg0 emission fluxes and compensate for a
potential reduction in fluxes due to shading.
We ranked median Hg0 fluxes from Hg-enriched bare soils

and surfaces (Table 2B and Figure 3B) in the following order:
forest soils < cropland soils < wetland soils < grassland/
shrubland soils < urban surfaces < soils in geothermal areas <
mining soils. Mining and geothermal areas showed significantly
higher fluxes compared to all other soils (p < 0.001; e.g.,
exceeding other fluxes by a factor of 2−350). As mentioned
above, the large difference for mining sites is related to their
very high substrate Hg concentrations (mean of 226 μg g−1)
compared to all other Hg-enriched sites (mean of 17.8 μg g−1),
and at times exceptionally high Hg0 emissions from mining
areas reflect the importance of such point-source contributions
for atmospheric Hg0 loads as has been reported and discussed
in many publications.22,26,55,80 For Hg-enriched sites, we
observed the expected patterns that soils under forest canopies
have the lowest Hg0 fluxes compared to all other categories. We
found in the Hg-enriched category, forested sites did not show

Figure 3. Distribution density of Hg0 fluxes from background (A) and Hg-enriched (B) bare soils by land cover (n > 10), background surfaces by
vegetation cover type (C), and background forest floors by forest type (D). Only classes with n > 10 are presented.
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higher soil Hg concentrations compared to open bare soil
locations, so that the observed patterns may in fact reflect the
role of solar radiation in promoting Hg0 emissions across Hg-
enriched sites in unvegetated and sun-exposed sites.
4.2.3. Effect of Soil Cover and Ecosystem Structure. We

further evaluated the influence of soil cover (e.g., litter, snow,
and plant) on Hg0 fluxes by comparing measurements from
bare soil with those from soil covered by litter, soil covered by
snow, over plant or leaf surfaces only, and sites including soils-
plus-vegetation (i.e., whole ecosystem level fluxes). We focused
this analysis on background forested and grassland/shrubland
sites, as well as snow surfaces, where most of such
measurements were available (Figure 3C). Based on median
values, measured Hg0 fluxes increased in the following order:
plant/leave surfaces (−0.12 ng m−2 h−1, n = 12) < soil-plus-
vegetation (0.00 ng m−2 h−1, n = 42) < soil covered by snow
(0.40 ng m−2 h−1, n = 9) < soil covered by litter (0.70 ng m−2

h−1, n = 50) < bare soil (1.07 ng m−2 h−1, n = 122). Fluxes from
bare soils were significantly higher than soil-plus-vegetation (p
< 0.05), as well as from soils covered by plants and litter (p <
0.01). We interpret these patterns as indicating that the
presence of any soil cover decreases atmospheric Hg0 fluxes
compared to bare soils only, and even leads to a shift from a net
atmospheric emission to a net deposition from the atmosphere,
although absolute flux differences were relatively small (<1 ng
m−2 h−1).81,82

Vegetation is known to contribute to Hg0 flux exchange,
most importantly constituting a sink for atmospheric Hg0,83,84

including through stomatal uptake33 and other dry deposition
processes.85 The important role of leaves as a sink is supported
by exposure studies that showed increasing leaf Hg
concentrations under higher atmospheric Hg0 expo-
sures.18,45,86,87 The resulting effects are that vegetated
ecosystems increase atmospheric deposition compared to
open areas through additional litterfall and throughfall
deposition,67,88−92 and such plant depositions are now
recognized to contribute the majority of Hg accumulating in
soils at many sites.79,93,94 Analyzing Hg0 exchange from foliar
surfaces in our database, however, showed foliar fluxes spanning
a much larger range compared to any other surface (Figure 3C)
− from deposition (−3.40 ng m−2 h−1) to emission (2.70 ng
m−2 h−1) with an IQR of 3.13 ng m−2 h−1 (compared to IQRs
of 2.12 and 1.37 ng m−2 h−1 for bare soil and litter-covered
soils, respectively).18,33,83,95 We attribute this large flux range to
(1) a low number of foliar flux measurements conducted under
background conditions, with only 12 flux measurements from
four studies;18,33,83,95 and (2) difficulties and possibly serious
methodological problems in measuring leaf-atmosphere Hg0

exchange, with studies employing different chamber methods
with different designs and turnover rates. Our analysis suggests
that foliar−atmosphere exchange of Hg0 has the highest
uncertainty of all terrestrial fluxes. The shortage of reliable
foliar flux data is particularly concerning given that leaf areas are
several times higher than soil surface areas, with leaf area
indices ranging from 3.1 to 6.9 in forests and from 1.7 to 2.5 in
grasslands/shrublands,96 and the uncertainty in understanding
foliar-atmosphere exchange fluxes leads to large uncertainties in
estimating worldwide terrestrial−atmosphere exchange (cf.
section 7).
Although absolute flux differences between bare soils and

soil-plus-vegetation systems were small, it is noteworthy that
the presence of vegetation led to a substantial shift in the
percentage of fluxes experiencing net Hg0 emission vs net Hg0

deposition. For example, only 20% of bare soil measurements
conducted in forests and grasslands/shrublands showed net
deposition, while this percentage increased to 48% when
vegetation was included in measurements. This finding was
consistent with a flux partitioning study over grasslands in a
greenhouse facility showing that soil emissions were partially
intercepted and offset by overlying vegetation, resulting in
lower whole-ecosystem fluxes compared to bare soils only.95 A
key issue with available fluxes is that whole-ecosystem flux data
(i.e., combined soil-vegetation measurements that integrate all
fluxes over a representative vegetated surface) represented only
18% of all available fluxes, and that these studies were generally
limited to grasslands/shrublands. This is due to limitations in
available measurement methodology that is difficult to apply
over forests (cf. section 6). We propose an urgent need for
better characterization of whole-ecosystem fluxes, including
different ecosystem types and, in particular, forests. In addition,
better characterization of the role of leaves and plants in net
Hg0 exchange is needed under undisturbed natural conditions
to reduce current uncertainties in Hg0 exchange from vegetated
terrestrial ecosystems.
Our database further indicates lower Hg0 emissions from

evergreen coniferous forest floors including bare soils and litter-
covered soils (median of 0.07 ng m−2 h−1, n = 26) compared to
deciduous broadleaved forests (1.40 ng m−2 h−1, n = 21, p <
0.05) and mixed deciduous-conifer forests (1.50 ng m−2 h−1, n
= 22, p < 0.001), as reported elsewhere (Figure 3D).97,98

Generally higher total Hg deposition is observed in evergreen
forests due to increased canopy scavenging99−103 and differ-
ences in ecophysiological features between deciduous and
conifer trees (e.g., stomata density, stomatal conductance,
carbon fixation98,104,105); but this higher deposition apparently
does not result in increased forest floor re-emission of Hg0.
Several field studies49,50 show that Hg0 fluxes over litter-

covered forest floors are lower compared to bare soils−as seen
in our database as well−and this has been attributed to shading
of soil surfaces.34,50 Alternatively, forest litter studies106−109 also
show that gaseous Hg0 emission occurs from litter, in the range
of 10−20% of the amount contained in litter is possibly re-
emitted in the first year, a finding which seemingly contradicts
the above patterns. We suggest that under undisturbed field
conditions, the potential Hg0 source from litter is smaller than
the impact of shielding soils from direct atmospheric contact
(e.g., solar radiation and temperatures), thereby reducing soil
Hg0 emissions.29,34,110,111 A recent publication focusing on soil
pore Hg0 measurements further suggests that soil Hg0

emissions originate from the very top of the soil profile,
while the rest of the profile constitutes an Hg0 sink.112

Therefore, it is possible that shading and coverage of soils affect
emissions directly at the surface, but with little or no effects
deeper in the soil matrix.
As observed for vegetation, snow-cover negatively influenced

soil Hg0 emissions compared to bare soils (Table 2A). This
supports that the presence of a snowpack decreases net Hg0

emissions compared to bare soils, despite an important role in
photoreduction of HgII and losses of Hg0 from snowpack driven
by solar radiation.113,114

5. FACTORS CONTROLLING HG0 EXCHANGE
Many studies have identified factors that correlate with the
magnitude and direction of surface−atmosphere Hg0 ex-
change−including atmospheric, chemical, and physical param-
eters (Table S1, Supporting Information). The most common
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and pronounced Hg0 relationship was with solar radiation that
was reported in the literature in a total of 65 cases with positive
correlations. This relationship often is attributed to photo-
chemically mediated reduction that converts soil HgII to volatile
Hg0,37,47,110,115−119 although other biotic and abiotic processes
also contribute to HgII reductionincluding reduction by
humic acids120,121 and iron oxides under anoxic conditions122 as
well as reduction by microorganisms123−127 and/or microbial
exudates.102,128,129 Other important correlations were identified
with soil and air temperatures (47 and 45 cases with positive
correlations, respectively), which often is collinear to radiation,
but also may be linked directly to activation energy of
Hg0,32,43,48,55 or stimulation by soil microbial activity.55,130

Another relationship frequently found in the literature (29
cases of correlations) was with substrate Hg concentrations,
which consistently and positively correlated to Hg0 fluxes over
terrestrial surfaces.
When calculating Spearman coefficient correlations between

these variables and Hg0 fluxes across the entire database (as
opposed to the study observations; Table S1, Supporting
Information), most of the correlations disappeared, with the
exception of a significant correlation remaining for substrate Hg
concentration (ρ = 0.633, p < 0.001, n = 945). Reasons for this
likely include strong differences in flux magnitudes and strong
intersite variability (such as differences in environmental
conditions and vegetation),60 as well as potentially different
measurement methodologies. While use of stepwise or
hierarchical regression models would allow us to partially
attribute a large component of the overall variability to
individual factors, the lack of a comprehensive set of variables
measured across all studies renders this technique infeasible
with the data from our database. This translates into similar
challenges in developing process-based or hierarchical models
to calculate surface−atmosphere fluxes across multiple sites
since it remains unclear to what degree controls observed at
individual sites are applicable across large areas.
In the following two sections, we further characterize

controlling factors separately for background and Hg-enriched
sites to evaluate their importance in subsets of data under high
(Hg-enriched) and low (background) Hg0 flux conditions. An
apparent and surprising finding using all data from the database
as well as separated data (Hg-enriched and background data
sets) was an absence of seasonality in Hg0 fluxes (i.e., spring/
summer/fall/winter), as well as a lack of daytime and nighttime
Hg0 flux differences (Figure S2, Supporting Information). This
is in contrast to studies that have reported strong seasonality in
Hg0 flux measurements at individual sites,30,52,53,131 as well as
strong diurnal patterns of fluxes such as near-Gaussian increase

in fluxes along with daytime solar radiation.22,41,132,133 Others,
however, also reported an absence of diurnal patterns over
vegetated sites (mainly at the whole-ecosystem level over
grasslands), as well as an increase of deposition fluxes in
summer opposing often reported stimulatory effects of solar
radiation and temperature on Hg emissions.82,134 These results
suggest that high variability of Hg0 fluxes across sites, as well as
potentially different impacts of environmental parameters in
different ecosystems (e.g., vegetated vs bare soils) are greatly
complicating the analysis of controlling variables that are
evident during measurements at individual, well-constrained
sites.

5.1. Factors Controlling Hg0 Fluxes in Background
Sites. Across all background soils (bare, litter-covered, and
plant-covered), a key finding was an apparent lack of
correlation between substrate Hg concentrations and Hg0

fluxes (ρ = −0.085, p > 0.05, n = 307), indicating either little
control of substrate concentration on Hg0 fluxes across
background sites, or that other variables prevailed over the
effects of substrate Hg concentration. This finding possibly was
related to the fact that background sites showed a much
narrower range of soil Hg concentrations compared to Hg-
enriched substrates where such effects were clearly present (cf.
section 5.2), although other studies have observed positive
correlations between substrate Hg concentrations and fluxes
across individual sites.25,74 Similarly, others have observed
predictable influences of environmental variables on Hg0

exchange across multiple sites when using consistent measure-
ment methodology, such as correlations with solar radiation, air
temperature, or relative humidity.38,82,111,135 For example,
Kuiken et al.82 reported that solar radiation and air Hg0

concentrations were the main variables controlling Hg0 fluxes
for six sampling sites in the eastern United States, while
Ericksen et al.31 found across 46 background sites with different
land covers that soil moisture was an important environmental
parameter. We propose that reasons for this lack of correlation
may include high between-site heterogeneity due to different
landscapes and surface properties (e.g., open areas, vegetated
areas, shading by plants) as well as different measurement
methodologies. Ericksen et al.,31 however, also showed that
correlations to environmental variables change significantly
across different sites, suggesting that environmental controls on
Hg0 fluxes in fact vary between sites.
Nevertheless, atmospheric Hg0 concentration was signifi-

cantly correlated with Hg0 exchange in background sites across
all soil data (ρ = −0.312, p < 0.001, n = 263). Hanson et al.45

first described the presence of an atmospheric compensation
point for Hg0 fluxes, that was characterized as a threshold air

Figure 4. Hg0 flux vs air Hg0 concentration relationship: background (A) and Hg-enriched (B) sites.
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concentration where Hg0 fluxes switch from net deposition (at
high Hg0 exposures) to net emission (at low Hg0 exposure).
Over soils, laboratory studies have shown compensation points
in the range of 0.1−25 ng m−3,18,45,136 and compensation
points also have been reported over foliage in the range of 0.6−
3 ng m−3,48,131,137,138 implying that both soils and vegetation
can serve either as net emission sources or net deposition
surfaces depending on atmospheric conditions. The linear
regression between Hg0 fluxes and air Hg0 concentrations
(Figure 4A) was

= − + = =r nHg 0.900Hg 2.477( 0.11, 266)0
flux

0
air

2

(1)

The calculated compensation point across background sites in
our database combining both soil (barren and litter-covered
soils) and soil-plus-vegetation measurements was 2.75 ng m−3,
which was high compared to 1.0−1.7 ng m−3 for the
background atmospheric level.3−5 The compensation points
observed and derived mainly from laboratory studies were in a
similar range with data from this database, consisting mainly of
field measurements.
Finally, a variable that surprisingly was correlated with Hg0

fluxes across background sites was soil pH (ρ = 0.335, p <
0.001, n = 113). This also was evident by the fact that only 29%
of soils with pH < 5 showed net Hg0 emission, whereas 87% of
measurements with a soil pH > 5 showed net Hg0 emissions.
Soil pH is an important factor for the chemistry of metals,
including Hg, influencing their adsorption, complexation,
dissolution, speciation, and retention on mineral and organic
particles,139−142 as well as affecting microbial processes that also
can control Hg0 fluxes.43,129,143−148 Furthermore, soil pH can
differ among different ecosystem types, (e.g., generally lower
soil pH in coniferous ecosystems), which may contribute to
such relationships, although no inherent flux differences were
observed between coniferous and deciduous forest floors as
discussed above. We therefore recommend further study of the
pH-dependence of Hg0 fluxes in the field to understand the
controls of soil chemical factors, such as pH, on volatility and
emission behavior of Hg0.
5.2. Factors Controlling Hg0 Fluxes in Hg-Enriched

Sites. Substrate Hg concentrations exerted a dominant control
on Hg0 emission across data from Hg-enriched sites (ρ = 0.608,
p < 0.001, n = 538). High substrate Hg concentrations, as found
in these Hg-enriched sites, clearly lead to a well-known strong
enhancement of surface Hg0 emissions.26,33,50,51,63,70−74 A
linear regression between Hg0 fluxes and substrate Hg
concentrations (Figure 5) showed the following relationship:

= + = =r nlog 0.427log 1.432( 0.26, 381)Hgflux Hgsoil
2

(2)

The slope is in the same order of magnitude as slopes reported
in the literature for specific Hg-enriched regions, in the range of
0.51−0.68.50,63,65 Therefore, across a diverse group of Hg-
enriched sites, substrate Hg concentrations were found to be an
important and consistent factor that explained a substantial
amount of the variability in observed Hg0 emission fluxes.
At Hg-enriched sites, atmospheric Hg0 concentrations also

were significantly and−in contrast to background sites−
positively correlated to Hg0 fluxes (ρ = 0.409, p < 0.001, n =
321), showing the following relationship (Figure 4B):

= + = =r nlog 0.815log 0.700( 0.36, 262)Hg flux Hg air
2

0

(3)

The positive correlation also was in contrast to the concept of a
compensation point. We attribute the correlation to particularly
high Hg0 emission at some Hg-enriched sites which leads to a
buildup of Hg0 near the surface in the boundary layer.
Therefore, the relationships were likely caused by high surface
emissions leading to high atmospheric Hg0 concentrations, and
not vice versa via a control of air Hg0 concentration on Hg0

exchange fluxes. This observation also could be the reason that
across individual studies, both negative and positive correlations
between atmospheric Hg0 concentrations and fluxes were
reported (Table S1, Supporting Information).
Finally, across all Hg-enriched soil and soil-plus-vegetation

data, soil moisture showed a small negative influence on Hg0

emissions across Hg-enriched sites (ρ = −0.267, p < 0.01, n =
60). This pattern is in contrast to the majority of studies that
reported positive correlations between soil moisture and
emission of Hg0,29,43,47,81,149 although a few studies also
showed negative correlations.95,150 It has been proposed that
soil water promotes Hg0 desorption from soil particles into soil
pores, and that soil water evaporation facilitates Hg
mobilization toward the soil surface and atmospheric release.44

6. METHODOLOGICAL BIAS

Measurements of Hg0 fluxes from terrestrial environments are
primarily based on two measurement methodologies (cf. SI 1,
Supporting Information). First, dynamic flux chambers (DFC)
have been used for the majority of flux measurements (85%)
and are based on comparisons between inlet and outlet air Hg0

concentration measurements in a chamber placed over a
specific surface area.21,151,152 The second type, micrometeoro-
logical (MM) approaches, are based on measurements of
vertical concentration gradients above the surface coupled with
characterizations of atmospheric turbulence.43,153 Direct
comparisons between these two methods at individual sites
highlight a potentially large influence of the employed method
on Hg0 flux measurements.60,154,155 Each method presents its
own benefits and drawbacks related to application, and we
discuss these issues in detail in the Supporting Information.
The DFC method, for example, disturbs the system under
measurement (e.g., inside temperature may be quite different
from outside chamber temperature) and the limited footprint
of measurements make scaling up fluxes to the ecosystem level
for comparisons difficult. Alternatively, with current MM

Figure 5. Hg0 flux vs substrate Hg concentration relationship for Hg-
enriched sites.
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technologies, background sites are often at or near detection
limits, and measurements need to be time-averaged to detect
fluxes.
We assessed if the methodology used to measure Hg0 fluxes

may induce a bias across our large global data set, focusing on
background sites to limit flux heterogeneity. Hg0 fluxes
measured by the MM method (median of −0.01 ng m−2 h−1,
n = 51) were significantly lower (p < 0.001) than DFC
measurements (median of 0.90 ng m−2 h−1, n = 300) across
background data (including bare soils, litter-covered soils, and
soil-plus-vegetation), raising concerns in regards to an over-
estimation of fluxes based on DFC compared to MM
measurements. The discrepancy, however, could also result
from site footprint heterogeneity (i.e., typically 0.03−0.5 m2 for
DFC vs 10−100 m2 for MM approaches) or different method
sensitivity. Another reason may include different representa-
tions of ecosystem types between these methods: for example,
98% of MM measurements included vegetation whereas only
4% of DFC measurements were performed over whole
ecosystems. Therefore, to compare DFC with MM requires
careful characterization of different footprints, including
variability in surface conditions and presence of vegetation.
Many studies reported the influence of DFC design and

operation on Hg0 flux measurements (e.g., chamber
shape,154,157 chamber material,158 or flushing flow
rate42,159,160). Comparisons performed using background data
showed that rectangular DFCs (median of 1.1 ng m−2 h−1, n =
90) recorded significantly higher (p < 0.01) Hg0 fluxes than
semicylindrical designs (median of 0.3 ng m−2 h−1, n = 125),
probably due to the nonhorizontal flow observed in the
semicylindrical DFC reducing the exchange surface area.
Another important design parameter is the DFC material:
measurements obtained using polycarbonate chambers (n =
154) in background environments were statistically lower (p <
0.001) than those from Pyrex (n = 65) and Teflon (n = 52)
chambers (medians of 0.40, 2.00, and 1.80 ng m−2 h−1,
respectively). These observations were consistent with the
literature which related such differences to incident light:
polycarbonate chambers block wavelengths <320 nm, which
then leads to underestimation of the Hg0 flux measurements.158

The low number of quartz DFC (median of 1.40 ng m−2 h−1, n
= 29) did not allow us to see any statistical difference or to
confirm observations by Edwards and Howard48 reporting best
UV transmittance of this material.
Air flow rate inside the chamber also influences exchange of

Hg0, and we observed that DFC measurements using a flushing
flow rate ≤2 L min−1 (median of 0.5 ng m−2 h−1, n = 152) were
significantly lower (p < 0.001) than those obtained using a flow
rate >2 L min−1 (median of 1.75 ng m−2 h−1, n = 148; Figure 6,
Supporting Information). A similar effect was observed when
comparing chamber turnover rate (data not shown, less data
available). Some scientists suggest using a high flushing flow
rate (>15 L min−1) to limit a possible underestimation of
fluxes,157,160 particularly for Hg0 exchange over Hg-enriched
substrate.154 Others, however, recommended using low flushing
flow rates (<1.5 L min−1) at background sites.154,161 Indeed,
elevated flushing flow rates may create an artificial Hg0 flux
from the soil by generating a partial vacuum inside the
chamber.42,161 Our observations support this assumption:
measurements using DFC with high flow rate were farther
apart (p < 0.001) from MM measurements (median of −0.01
ng m−2 h−1, n = 51) than measurements using DFCs with low
flow rates (p < 0.05), assuming that MM measurements best

represent natural conditions in the field without effects of
chamber designs or operation procedures on fluxes.
The quality control of DFC Hg0 flux measurement is

evaluated by characterization of a chamber blank, generally
sealing a clean chamber with a clean sheet in the laboratory
and/or under field conditions.26,60,111 Our database statistics
showed that blank measurements were performed for 63% of
DFC data, and values for blanks were published in 77% of these
cases, so that only 49% of all DFC data reported DFC blanks.
Even more concerning is that only 14% of DFC flux
measurements were blank corrected (i.e., blank data were
subtracted from measurements), which likely constitutes
another bias of measurements when comparing different
studies as well as different methodologies. We strongly
recommend standardization of chamber design and operating
procedures that are currently not in place for these methods,63

as well as careful reporting of operating procedures (blanks,
flow, chamber turnover rates, etc.) to facilitate intercomparison
of measurements performed using different methodologies.

7. CONSTRAINING HG0 FLUXES USING STATISTICAL
FLUX DISTRIBUTIONS FROM DIFFERENT
LANDSCAPES

Models have been used to estimate that emission and re-
emission from terrestrial surfaces may account for 50% or more
of present-day Hg0 emissions, that are globally in the range of
1000−2200 Mg·a−1.15−17,162,163 Most studies in our database
were campaign studies attempting to elucidate the magnitude as
well as controlling influences on the surface−atmosphere Hg0

exchange to further our understanding of these exchange
processes. While quantifying the effects of various controlling
factors presents the opportunity to develop process-based or
empirical models to scale up fluxes from small footprints and
individual sites to regional and global-scales, our database
analysis showed that many relationships observed at individual
sites were lost when considered across sites. As discussed above,
this potentially was due to different environmental controls
across sites, large spatial and temporal variability of fluxes, as
well as possible issues with comparable measurement method-
ologies, thereby constituting a major problem in scaling up
fluxes based on such determining variables.
Instead, in our study we estimated global surface−

atmosphere Hg0 exchange by extrapolating the best statistical
distribution of fluxes from different land covers and surfaces
instead (as done, for example, for smaller areas such as the
Great Lakes region in the United States164). Since no significant

Figure 6. Methodological influence on Hg0 flux measurements in
background sites: distributions obtained by MM, DFC with a flushing
flow rate ≤2 L min−1, and DFC with a flushing flow rate >2 L min−1.
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trends were observed for different seasons or time of day (cf.
section 5 and Figure S2, Supporting Information), we refrained
from adjusting flux measurements using diel Gaussian flux
patterns as frequently performed in the literature.22,25,50,65,135

We used fluxes based on MM measurements, as well as DFC
measurements operated at low flow rates including data
collected under many different environmental conditions
(e.g., day- and nighttime measurements, different seasons,
various temperatures), although the conditions were clearly not
evenly distributed nor a quantitatively represention of the
conditions across the entire scaling area. For our estimate,
median Hg0 fluxes −37.5th and 62.5th percentiles, as well as the
25th and 75th percentiles are presented to show uncertainty
ranges of estimates−were calculated as follows (cf. SI 2,
Supporting Information): bare soils fluxes were used for
unvegetated areas; soil-plus-vegetation were applied to grass-
lands/shrublands, croplands, and wetlands; and fluxes from
snow-covered soils were used for snow- and ice-covered areas.
Due to a dearth of measurements over whole forest ecosystems,
we calculated forest fluxes based on forest floor measurements
(including bare soils and litter-covered soils) and estimated
foliar fluxes by means of forest leaf fluxes multiplied in addition
by respective forest leaf area indices96 for hardwood, conifer,
and mixed forests. We used various models of land surface for
both worldwide and contiguous United States: GLC 2000,
GLC-SHARE 1.0, GLCC 2.0, MODIS, and NLCD
2011.165−167 We estimated that 0.5% of the global terrestrial
land surface is characterized as Hg-enriched (contaminated,
naturally enriched, and mining, with Hg concentration >0.3 μg
g−1) which is based on a recent geochemical data set for soils in
the United States.68 For Hg-enriched sites, we used the linear

equation from the relationship between Hg0 fluxes and
substrate Hg concentrations (eq 2) applied to the frequency
distribution of Hg-enriched soil concentrations (>0.3 μg g−1) in
the soil data set of the United States and applied this both for
worldwide and contiguous United States flux estimates.68 The
area representing “atmospherically-influenced” sites was esti-
mated at 3% based on Hg0 atmospheric concentrations (>3 ng
m−3) from the Community Atmosphere Model with Chemistry
(CAM-Chem)/Hg model.168

Global (Figure 7A) and contiguous United States (Figure
7B) median estimates for Hg0 exchange fluxes from different
landscapes are shown with uncertainty ranges (between 37.5th
and 62.5th percentiles in boxes in the figure, and given in
square brackets in the text; between 25th and 75th percentiles
lines in the figure). The estimated total worldwide annual Hg0

contribution from terrestrial surfaces was a net emission of 607
[−513; 1653] Mg·a−1, although the uncertainty range is
considerable. This estimate was 3 times lower than previous
estimates.169,170 In our estimates, surprisingly, Hg-enriched
sites (contaminated, naturally enriched, and mining) emitted
217 [202; 258] Mg·a−1, which is only about a third of estimated
global terrestrial Hg0 emissions. The emissions estimated from
Hg-enriched areas were a much smaller contribution than
others have suggested, generally estimating much more than
50% of the total emissions.31 In our study, this is due to a
relatively small area applied to Hg-enriched fluxes. Urban
surfaces (e.g., pavements, windows, or roofs) are an
insignificant source of global Hg0 emissions.35,171 Importantly,
Hg0 emissions from atmospherically influenced areas (i.e.,
atmospheric Hg0 levels >3 ng m−3) contributed 261 [114; 359]
Mg·a−1 of Hg0 emissions, or about 45% of the total global

Figure 7. Global annual estimates of Hg0 exchange (Mg·a−1) over terrestrial surfaces across different land covers: worldwide (A) and the contiguous
United States (B). Positive values signify emissions, and negative values signify deposition. Numbers indicate medians and uncertainty ranges
between 37.5th and 62.5th percentiles. Background represents the sum of six subcategories (forest, grassland/shrubland, cropland, wetland, snow/
ice, and unvegetated (i.e., bare soils). Forest fluxes were calculated based on forest floor Hg0 flux measurements and leaf fluxes multiplied by leaf area
indices since whole-ecosystem forest fluxes are largely missing in the literature.
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terrestrial Hg0 contributions and exceeding emissions for Hg-
enriched sites by almost a factor 2. These emissions stem
mainly from East Asia (China, Korea, and Japan) and India
with high atmospheric Hg0 levels based on a global atmospheric
model,168 and they indicate the emerging importance of
atmospherically impacted areas for atmospheric emissions, or
likely re-emission of previous atmospheric deposition, that are
currently not included in global estimates.
The largest uncertainty in our estimates, however, is driven

by global forests, which in turn is due to a highly uncertain role
of foliar surfaces. For example, while the median flux estimate
for forest leaves suggested a net deposition of 59 Mg·a−1, the
uncertainty range (37.5th−62.5th percentiles) was from a
deposition of 727 Mg·a−1 to an emission of 703 Mg·a−1. The
median value was lower than estimates by Obrist172 who
calculated global annual leaf total Hg uptake of 237.6 Mg·a−1.
Global foliage provides a well-known Hg0 sink as observed in
many studies, but the current flux data do not provide reliable
estimates of the role of plant leaves in global Hg0 exchanges,
adding key uncertainties for Hg budgets. Based on flux data
alone, it is even impossible to clearly state if global terrestrial
ecosystems serve as net sinks or net sources of atmospheric
Hg0. Other background land covers are better defined in
regards to their role as Hg0 sinks and sources, since direct
ecosystem-level fluxes are available. For example, grasslands/
shrublands showed a net deposition of 89 [0; 322] Mg·a−1 and
unvegetated areas (i.e., bare soils) showed a net emission of 17
[−1; 51] Mg·a−1.
The total terrestrial contribution to atmospheric Hg0 in the

contiguous United States was 26 [−42; 88] Mg·a−1, including 1
[−58; 56] Mg·a−1 from background sites and 25 [16; 32] Mg·
a−1 from Hg-enriched areas, again with forest flux adding
considerable uncertainties. Here, background areas represented
4% of total terrestrial Hg0 emissions. Hartman et al.173

estimated, based on a classification and regression tree for
three main background land covers in the Unites States
(deciduous forest, grassland, and semiarid desert), a net
deposition of 8.24 Mg·a−1, which is in the same order of
magnitude as we estimated from these three landscapes (−13
Mg·a−1). Higher emissions in the United States were proposed
by Ericksen et al.31 with 43 Mg·.a−1 from background soils, but
these did not include vegetation that partially offset such soil
emissions. Finally, Hg0 contributions from atmospherically
influenced and Hg-enriched sites were estimated to be 11 [10;
13] Mg·.a−1 and 13 [6; 19] Mg·a−1, respectively. Therefore, our
estimates of Hg0 evasion from Hg-enriched areas was in similar
range to emissions proposed just for the State of Nevada (10.4
Mg·a−1)65 and much lower than previous estimates for the
United States of 52 Mg·a−1 (ranging from 34 to 69 Mg·a−1).31

As stated above, the lower emissions estimated in our study
were likely due to the relatively small area of Hg-enriched sites
in the United States as assessed by a new U.S. Geological
Survey data set.68

8. SUMMARY
Data compiled for this analysis showed a large under-
representation of Hg0 fluxes from remote background sites
and that fluxes were strongly biased geographically (toward
measurements in the United States, East-Asia, and Europe) and
in time (toward summer and daytime measurements). We
observed that among individual studies, the dominant reported
controlling factors influencing terrestrial Hg0 fluxes were solar
radiation, soil and air temperatures, and substrate Hg

concentrations. Most correlations were lost when all data in
the database were included in the correlation analysis. This
indicated differing roles of environmental controls among
different sites and the presence of strong between-site
heterogeneity which overwhelmed differences caused by
individual variables, but also may indicate problems and
inconsistencies in flux measurements based on different
methodologies, and time of measurement. Standardization of
measurements is strongly required to obtain comparable data
and properly evaluate controlling factors on larger spatial- and
temporal-scales.
Atmospheric Hg0 concentration, however, was negatively

correlated with Hg0 fluxes across background sites, attributed to
the presence of Hg0 flux compensation points. In Hg-enriched
sites, Hg0 fluxes were largely influenced by substrate Hg
concentrations promoting Hg0 emissions, which in turn
increased atmospheric Hg0 concentrations at these sites. Soil
covers (plant, litter, and snow) substantially reduced Hg0 fluxes
compared to bare soil.
A worldwide scaling up of Hg0 fluxes revealed the following

patterns:

(1) Background areas contribute Hg0 emissions in the same
order of magnitude as Hg-enriched sites (contaminated,
naturally enriched, and mining).

(2) Hg0 emissions from atmospherically influenced sites (i.e.,
sites exposed to air concentrations >3 ng m−3),
particularly in East Asia, need to be considered as an
important global-scale Hg0 source and contribute the
major fraction of Hg0 emissions to the atmosphere.

(3) Vegetated areas likely constitute an important Hg0 sink,
although reliable vegetation flux measurements, partic-
ularly over forests, currently are lacking.

(4) Uncertainties in the role of vegetation are large and likely
due to methodological problems in quantifying foliar
fluxes; the flux uncertainty of forest foliar measurements
could potentially offset any terrestrial Hg0 emissions, or
double current Hg0 emission estimates, and lead to a shift
in the role of global terrestrial ecosystems serving as a net
source to a net sink of atmospheric Hg0.
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