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Mercury (Hg), a global contaminant, is emitted mainly in its

elemental form Hg0 to the atmosphere where it is oxidized to

reactive HgII compounds, which efficiently deposit to surface eco-

systems. Therefore, the chemical cycling between the elemental

and oxidized Hg forms in the atmosphere determines the scale and

geographical pattern of global Hg deposition. Recent advances in

the photochemistry of gas-phase oxidized HgI and HgII species

postulate their photodissociation back to Hg0 as a crucial step in

the atmospheric Hg redox cycle. However, the significance of

these photodissociation mechanisms on atmospheric Hg chemis-

try, lifetime, and surface deposition remains uncertain. Here we

implement a comprehensive and quantitative mechanism of the

photochemical and thermal atmospheric reactions between Hg0,

HgI, and HgII species in a global model and evaluate the results

against atmospheric Hg observations. We find that the photo-

chemistry of HgI and HgII leads to insufficient Hg oxidation glob-

ally. The combined efficient photoreduction of HgI and HgII to Hg0

competes with thermal oxidation of Hg0, resulting in a large model

overestimation of 99% of measured Hg0 and underestimation of

51% of oxidized Hg and ∼66% of HgII wet deposition. This in turn

leads to a significant increase in the calculated global atmospheric

Hg lifetime of 20 mo, which is unrealistically longer than the 3–6-

mo range based on observed atmospheric Hg variability. These

results show that the HgI and HgII photoreduction processes

largely offset the efficiency of bromine-initiated Hg0 oxidation

and reveal missing Hg oxidation processes in the troposphere.

atmospheric chemistry | gas-phase mercury reactivity | tropospheric
chemistry | mercury photoreduction | atmospheric modeling

Annually, about 8 Gg of mercury (Hg) are released to the
atmosphere from present-day anthropogenic (∼39%) and

natural (∼6%) sources, and reemissions of previously deposited
Hg from natural and anthropogenic sources (∼55%) (1). The
average concentration of Hg in the atmosphere is relatively low,
in the range of 1–2 ng/m3 (equivalent to ∼100–200 parts per
quadrillion mixing ratio). Earth’s atmosphere is therefore a mi-
nor Hg reservoir of ∼5 Gg, compared with terrestrial soil and
marine Hg pools (1,450 and 280 Gg, respectively) (2). However,
the atmosphere is a key component of the global Hg cycle be-
cause it facilitates the planetwide dispersion of the metal. This
global dynamic is governed by a complex combination of emis-
sions, atmospheric chemical processing, transport, and surface
deposition (3, 4). In the atmosphere, Hg cycles between ele-
mental Hg0 and oxidized monovalent HgI and divalent HgII

forms (5, 6). Oxidation mechanisms of atmospheric Hg have
been reviewed several times [e.g., Si and Ariya, 2018 (7) and

references therein]. The current view is that the slow gas-phase
oxidation of Hg0 by hydroxyl radical (OH) (8) and ozone (O3) is
frequently complemented or replaced by the much more effi-
cient oxidation by atomic bromine (Br) (9, 10). Although the
knowledge of the amount and distribution of tropospheric Br has
improved during the last decade (11, 12), more measurements of
tropospheric Br concentrations and their spatial distribution are
sorely needed to reduce uncertainty in atmospheric kinetic and
transport models of Hg oxidation based on Br chemistry.
Mercury is released to the atmosphere mostly as gaseous el-

emental Hg0, which is currently assumed to be oxidized to HgII

by a two-step mechanism (6, 9, 10, 13). The first step is initiated
by photochemically produced Br atoms to form HgBr, a radical
HgI intermediate that can then photolytically or thermally de-
compose back to Hg0, or be further oxidized to HgII compounds
by atmospheric radicals such as NO2, HO2, Br, OH, I, Cl, BrO,
ClO, and IO (6, 9, 13, 14). Based on this scheme, and despite Br

Significance

The atmospheric chemistry of mercury, a global priority pol-

lutant, is key to its transport and deposition to the surface

environment. Assessments of its risks to humans and ecosys-

tems rely on an accurate understanding of global mercury cy-

cling. This work shows that the chemical reactions and rates

currently employed to interpret Hg chemistry in the atmo-

sphere fails to explain observed atmospheric mercury concen-

trations and deposition. We report that model simulations

incorporating recent developments in the photoreduction

mechanisms of the oxidized forms of mercury (HgI and HgII)

lead to a significant model underestimation of global obser-

vations of these oxidized species in the troposphere and their

surface wet deposition. This implies that theremust be currently

unidentified mercury oxidation processes in the troposphere.

Author contributions: A.S.-L. and J.S.F. designed research; A.S.-L., O.T., J.E.S., and A.U.A.

performed research; A.S.-L., O.T., J.E.S., C.P.T., D.J.J., J.C.-G., A.F.-M., D.R.-S., A.U.A., J.Z.D.,

C.A.C., M.J., F.W., J.B., J.M.C.P., and J.S.F. analyzed data; and A.S.-L. and J.S.F. wrote

the paper.

Reviewers: M.E.G., University of Adelaide; and A.J.H., University of Miami.

The authors declare no competing interest.

This open access article is distributed under Creative Commons Attribution-NonCommercial-

NoDerivatives License 4.0 (CC BY-NC-ND).

1To whom correspondence may be addressed. Email: a.saiz@csic.es, Oleg.Travnikov@

msceast.org, or frjoseph@sas.upenn.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/

doi:10.1073/pnas.1922486117/-/DCSupplemental.

First published November 23, 2020.

www.pnas.org/cgi/doi/10.1073/pnas.1922486117 PNAS | December 8, 2020 | vol. 117 | no. 49 | 30949–30956

C
H
E
M
IS
T
R
Y

D
o
w

n
lo

a
d
e
d
 a

t 
C

S
IC

, 
U

n
id

a
d
 d

e
 R

e
c
u
rs

o
s
 d

e
 I
n
fo

rm
a
c
io

n
 C

ie
n
ti
fi
c
a
 p

a
ra

 l
a
 I
n
v
e
s
ti
g
a
c
io

n
 o

n
 F

e
b
ru

a
ry

 1
1
, 
2
0
2
1
 

https://orcid.org/0000-0002-0060-1581
https://orcid.org/0000-0001-7146-3035
https://orcid.org/0000-0002-6373-3100
https://orcid.org/0000-0001-8232-4989
https://orcid.org/0000-0002-9251-5460
https://orcid.org/0000-0003-4991-8122
https://orcid.org/0000-0001-5297-0859
https://orcid.org/0000-0003-3648-6893
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1922486117&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:a.saiz@csic.es
mailto:Oleg.Travnikov@msceast.org
mailto:Oleg.Travnikov@msceast.org
mailto:frjoseph@sas.upenn.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922486117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922486117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1922486117


being a minor atmospheric constituent, Holmes et al. (14) pro-
posed that Hg0 oxidation by Br is potentially the dominant oxi-
dation pathway at a global scale. Field and model studies have
reported evidence of the Br-initiated oxidation over different
environments where Br chemistry is active and relatively abun-
dant such as the polar regions [e.g., ref. (15)], salt lakes [e.g., ref.
(16)], tropical marine boundary layer (13) and free troposphere
(17). Several models, however, still consider Hg0 oxidation by O3

and OH as the main pathway (18, 19), particularly in the
continental atmosphere.
Once oxidized, gaseous HgII species are more water soluble

and particle reactive, and eventually partition into aerosols and
clouds, before efficient deposition to the Earth’s surface by wet
and dry deposition processes. Recent theoretical work has shown
that divalent (HgII: syn-HgBrONO, anti-HgBrONO, HgBrOOH,
HgBrOH, HgBrNO2, HgBr2, HgCl2, HgBrOCl, HgBrI, HgBrOBr,
HgBrOI) (20) and monovalent (HgI: HgBr, HgCl, HgOH, HgI)
(21) species strongly absorb ultraviolet-visible light. Therefore,
daytime solar radiation leads to efficient gas-phase photolysis,
which can dominate HgI and HgII reduction in the atmosphere
and shorten the lifetime of oxidized Hg species compared to
previous reaction schemes where Hg reduction was restricted to
the aqueous cloud phase (6). Experimental evidence of photore-
duction of oxidized Hg has been reported from observations on
the remote Tibetan Plateau (22) and in urban air (23). The rapid
photodissociation of syn-HgBrONO has been suggested to pro-
duce the HgBrO radical, which upon reaction with volatile organic
compounds swiftly forms HgBrOH (24). Finally, a recent com-
putational study has reported quantitative photodissociation
channels and photoproducts of the likely major gaseous oxidized
HgII compounds (syn-HgBrONO, HgBrOOH, HgBrO, and
HgBrOH), and constructed a quantitative mechanism of the
photochemical and thermal conversion between Hg0, HgI, and
HgII species in the atmosphere (25).
These recent theoretical works suggest that gas-phase photo-

dissociation of oxidized HgI,II is a key process in the global at-
mospheric cycling of this metal. However, the influence of these
combined new photochemical mechanisms on the redox chem-
istry, lifetime, and surface deposition of Hg in the global atmo-
sphere is currently unknown. Here, a state-of-the-art global Hg
chemical transport model is used to evaluate the impact of the
recently proposed Hg photoreduction mechanisms against at-
mospheric Hg measurements. The evaluation includes the dif-
ferent photodissociation processes for HgI and HgII, and their
impact on atmospheric Hg concentrations and surface deposition
patterns, lifetime, and vertical profiles in the troposphere.

Chemical Mechanisms and Global Model Simulations

Fig. 1 shows the main reactions for thermal and photochemical
conversion between Hg0, HgI, and HgII species (25). syn-
HgBrONO and HgBrOOH are considered the major gaseous
oxidized HgII species from Br-initiated two-step Hg0 oxidation
(6, 26, 27). It has been calculated that following gas-phase
photolysis, syn-HgBrONO breaks down to HgBrO (90%) and
HgBr (10%) (24, 25), and HgBrOOH yields Hg0 (66%), HgBrO
(31%), and HgBr (3%) (25). The computed tropospheric pho-
tolysis rate of the HgBrO radical (2.95 × 10−2·s−1) (25) is too
slow to compete with the proposed reaction of the radical with
methane [pseudo–first-order rate, k′ = 11 s−1 at 298 K and 1 atm
(24)] to form HgBrOH. Note that the equivalent reaction of
HgBrO with NO2 has a k′ = 2 × 10−2·s−1 at 298 K and 1 atm (24).
Therefore, the photolysis of syn-HgBrONO does not lead di-
rectly to photoreduction but to the formation, with a 90% yield,
of another HgII species, namely HgBrOH. Photodissociation of
HgBrOH results in Hg0 (49%), HgOH (35%), and HgBr (15%).
The resulting HgI photoproducts (HgBr and HgOH) will also
efficiently photodissociate to Hg0 (21). Summed together, the

photolysis of syn-HgBrONO, HgBrOOH, and HgBrOH reduces
oxidized HgI,II to Hg0 directly (38%) and indirectly (62%) (24).
Hence, the overall combination of the different photodissociation
pathways indicates that the suggested main gaseous oxidized Hg
compounds, both HgI and HgII, rapidly return directly and indi-
rectly to Hg0 via gas-phase photolysis. This results in Hg0 being the
predominant product of oxidized HgI,II gas-phase photoreduction
in the atmosphere.
Recently, a large collaborative multimodel effort was con-

ducted to investigate the impact of different Hg oxidation
mechanisms (i.e., slow reaction with ozone and OH radical, and
faster Br-initiated oxidation) and emissions on global Hg distri-
butions (28, 29). However, the redox mechanisms tested in this
multimodel evaluation did not consider the photoreduction of
HgI and HgII species. To evaluate the global impact of these
photoreduction mechanisms, and their competition with thermal
Hg oxidation, we use the global chemical transport model GLE-
MOS (Global European Monitoring and Evaluation Program
Multimedia Modeling System) (Methods). Several simulation tests
(Table 1) were performed with the model using different combi-
nations of the state-of-the-art chemical mechanisms. The first test
(run 1) included the Br-initiated two-step oxidation of Hg0, in-
cluding oxidation by OH, with thermal reduction of HgI and no
photoreduction of HgI and HgII (Methods, SI Appendix, Table S1,
reactions R1–R7). The second test (run 2) consisted of the Br and
OH oxidation chemistry and photodissociation of HgI and HgII

according to the chemical scheme shown in Fig. 1 (see SI Ap-
pendix, Table S1, reactions R1–R10). We also conducted two
model sensitivity runs to assess the influence of the uncertainties
in the key thermal reaction and photolysis rates as reported in the
literature. In the first run (run 2a, Table 1), we take the upper limit
of the uncertainty in key oxidation reactions and the lower limit of
the uncertainty in Hg reduction reactions. This is done to test
maximum Hg oxidation within the limit of kinetic uncertainties.
The opposite, i.e., minimum Hg oxidation within uncertainty, was
tested in run 2b. The evaluation was focused on a comparison
of modeled and measured concentrations of Hg0, oxidized Hg
(HgI + HgII), as well as HgII wet deposition. Model tests were
carried out for the period 2007–2013 with the first 6 y as a model
spin up and the year 2013 as the control run.

Fig. 1. Thermal and photochemical reactions of major mercury species in

the atmosphere, including the HgI (green) and HgII (orange) photoreduction

processes. The photoproduct yields are shown as percentage. The reaction

HgBr + O3 to yield HgBrO proposed in this work is discussed in detail in SI

Appendix, Supplementary Note 2.
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As mentioned above, the gas-phase oxidation of Hg0 by O3

(Hg + O3 → HgO + O2) has been considered as a major oxi-
dation pathway in the atmosphere. The rate coefficient for this
reaction was measured to be 8.4 × 10−17 exp(−11.7 kJ mol−1/RT)
cm3 molecule−1·s−1 (30), which implies a bond dissociation en-
ergy D0(HgO) ≥ 88 kJ mol−1. However, high-level theoretical
calculation shows that the Hg–O bond is in fact rather weak, with
a reported value ∼17 kJ mol−1 (31). This means that not only this
reaction is too slow to effectively oxidize Hg in the troposphere,
but also that any formed HgO has a high probability of promptly
dissociating [for further details see the comprehensive discussion
of Hynes et al. (32) and SI Appendix, Supplementary Note 1].
Therefore, here we do not consider gas-phase oxidation of Hg0 by
O3. Similarly, due to the very rapid HgOH dissociation, the OH-
initiated Hg0 oxidation is considered not to be important (8, 9),
although it is included in our simulations (SI Appendix, Table S1).

Impact of HgI and HgII Photoreduction on Simulated Hg
Concentrations

The total atmospheric Hg burden and, as a consequence, air
concentration of Hg species and their lifetime depend on both
the Hg redox chemistry and on global emissions. The Hg lifetime
against deposition in the model varies from 3.5 mo in run 1
without photoreduction to 20 mo in run 2 when photolysis of HgI

and HgII species is included, with calculated lifetimes of 16.3 and
22.4 mo for sensitivity run 2a and run 2b, respectively (Table 2).
From observed atmospheric variability of Hg, the lifetime against
deposition should be in the range of 3–6 mo (6). The total Hg0

mass increases by a factor of 5.7 from 1,390 Mg (run 1) to 7,865
Mg (run 2) (Table 2). This is due to photoreduction of (HgI +
HgII) species back to Hg0. The unrealistically long atmospheric
lifetimes against deposition obtained in model runs 2, 2a, and 2b
are confirmed by comparison of observed and simulated stan-
dard deviations (SDs) of Hg0 concentrations across ground-
based sites. We consider here the relative SD instead of the
absolute one (6) due to considerable difference in mean con-
centration levels simulated in different tests. Model runs signif-
icantly deviate from Hg0 ground-based measurements with 43%
underestimation for run 1 and 99% overestimation for run 2
(Fig. 2 and Table 2). The short lifetime in run 1 leads to very low
surface Hg0 concentrations (0.3–1 ng m−3). In contrast, appli-
cation of the photoreduction mechanism in run 2 leads to much
higher Hg0 concentrations (2–3 ng m−3), which overestimate
observations by a factor of 2 (SI Appendix, Fig. S1).
Simulation of the chemical mechanism without HgI,II photol-

ysis (run 1) leads to a large overestimation (181%) of ground-
based measurements of oxidized Hg (Fig. 3) despite underesti-
mation of total Hg mass in the atmosphere (Table 2). In contrast,
photoreduction of HgI and HgII (run 2) results in strong

underestimation (51%) of oxidized Hg observations (Table 2).
The model simulations considering the kinetics uncertainties,
run 2a and run 2b, lead to underestimations of observed HgI,II of
38 and 59%, respectively. Note that ground-based observations
of oxidized Hg based on KCl-coated denuder techniques are
associated with large uncertainty, and possibly biased low by up
to one order of magnitude (33, 34). This low bias in HgII obser-
vations would indicate even stronger underestimation in run 2.
Furthermore, a recent experimental study has reported the reac-
tion rate constant of HgBr + NO2 to HgBrONO to be 3–11 times
lower than that predicted by theory (35), and incorporated in
our model. Also, a new theoretical study, not included in this
work, proposes the reduction of HgBrO by reaction with CO
(HgBrO + CO → HgBr + CO2) (36). All of this implies that
the model underestimation of HgII observations would be
even larger with the inclusion of the results from these two
very recent studies.
The effect of including photochemistry of oxidized HgI,II is

smaller near source regions, which are affected directly by an-
thropogenic emissions, and increase with distance from sources,
in particular at low latitudes (Fig. 3 and SI Appendix, Fig. S2).
We therefore note a marked regionality in the relative differ-
ences from the different model runs. Large increases of total Hg
atmospheric mass from run 1 to run 2 partly compensate for the
lack of oxidation capacity of the atmosphere. Nevertheless, the
mass of global atmospheric HgI,II decreases from 127 Mg (run 1)
to 46 Mg (run 2) following efficient photoreduction (Table 2).
Mercury wet deposition is largely affected by the rate of Hg

oxidation to yield soluble and particle-reactive HgI,II species in
the free troposphere. Comparison with measurements shows that
implementation of the new photoreduction mechanism leads to a
large underestimation (66%) of Hg wet deposition fluxes in
North America and Europe (Fig. 4). The largest decrease occurs
in the tropics and the smallest over source regions, mirroring the
changes of oxidized Hg concentrations. The apparently correct
estimation of wet deposition in run 1 (Table 2 and Fig. 4) is a
consequence of the large overestimation (181%) of ground-level
oxidized Hg.
More insight into the effect of photoreduction can be obtained

from the analysis of vertical profiles of Hg0 and oxidized Hg
species (Fig. 5 and Methods). The difference in chemical mech-
anisms leads to significant differences between the modeled Hg0

vertical profiles and the measured one (Fig. 5A). Both model
tests and measurements in the northern hemisphere midlatitudes
(30–60°N) show elevated oxidized Hg concentrations in the up-
per troposphere and lower stratosphere (UT/LS). However, the
effect of the photoreduction mechanism differs in the upper and
lower troposphere. In the lower troposphere (below 5 km),
where influence of redox chemistry is smaller, the photoreduc-
tion results in a decrease of HgI,II concentrations. In contrast, in

Table 1. Model runs

Run ID Scenario

Run 1 Two-step Hg° oxidation by Br (R1–R4) and OH (R5–R7) [see chemical

scheme in SI Appendix, Table S1], with no photolysis of Hg(I) and

Hg(II) species.

Run 2 Two-step Hg° oxidation by Br (R1–R4) and OH (R5–R7), with photolysis

of Hg(I) and Hg(II) species (R8–R10).

Run 2a Run 2 with the value of reaction rates R1–R10 that would maximize

Hg° oxidation, within the published uncertainty.

Run 2b Run 2 with the value of reaction rates R1–R10 that would minimize

Hg° oxidation, within the published uncertainty.

Run 3 Run 2 with new reaction R11 (oxidation of HgBr by O3 to form

HgBrO).

Run 4 Run 2 with atmospheric bromine concentration increased by a factor

of 2.
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the UT/LS higher levels of Hg0 due to the longer lifetime caused
by photoreduction (Fig. 5A) lead to increased production of
oxidized Hg (Fig. 5B). It should be noted that both model tests are
unable to reproduce the HgI,II concentration profile throughout the
troposphere. This model underestimation of the HgI,II concentra-
tion profile is larger for run 2, even considering the kinetic
parameter uncertainties (Fig. 5B).
Not including photoreduction of HgI,II in the model leads to

the globally integrated tropospheric predominance of HgBrONO
and HgBrOOH among other oxidized Hg species (Fig. 5C). At
the surface, HgBr2, HgBrOH, and HOHgY also contribute to
the modeled HgII budget in run 1. Implementation of the pho-
toreduction mechanisms drastically changes the composition of
oxidized Hg to only HgBrOH (Fig. 5D). This results from the
combined rapid photolysis of HgBrONO and HgBrOOH to
HgBrO (Fig. 1), and the subsequent reaction of the radical with
methane to yield HgBrOH (24).

We conducted two further exploratory model runs (Table 1)
including an oxidation reaction not to our knowledge docu-
mented in the literature (HgBr + O3 → HgBrO + O2, Run#3,
see SI Appendix, Supplementary Note 2) and one simulation in
which Br concentrations are increased by a factor of 2 (run 4), to
assess the sensitivity of the model results to the uncertainties in
tropospheric Br concentrations. The results of these two addi-
tional tests, summarized in SI Appendix, Table S2, show that the
model still overestimates the observed Hg0 concentration (SI
Appendix, Fig. S3), although to a smaller extent, and significantly
underestimates the measurements of HgII (SI Appendix, Fig. S4)
by 40 and 15% for run 3 and run 4, respectively (SI Appendix,
Table S2). Similarly, wet deposition is still largely under-
estimated under these exploratory simulations (SI Appendix, Fig.
S5) as well as the tropospheric concentration profile of HgII (SI
Appendix, Fig. S6). The partitioning of oxidized Hg remains

Table 2. Total Hg lifetime against deposition, mass burden in the troposphere, and statistics of

the model evaluation against measurements

Parameter Obs Run 1 Run 2 Run 2a Run 2b

Total Hg0 mass, Mg 3,856* 1,390 7,865 6,485 8782

Total HgI,II mass, Mg 359† 127 46 88 20

Hg lifetime against deposition, months 3.5 20 16.3 22.4

Hg0 concentration

Mean, ng m−3 1.38 ± 0.25 0.79 ± 0.33 2.75 ± 0.34 2.39 ± 0.36 2.98 ± 0.33

Relative bias, %‡
−42.8 99.0 72.9 115.8

Spatial CC§ 0.63 0.69 0.7 0.67

HgI,II concentration

Mean, pg m−3 11.7 ± 10.6 32.8 ± 13.9 5.7 ± 4.3 7.2 ± 4.6 4.7 ± 4.2

Relative bias, % 180.9 −51.0 −38.4 −59.3

Spatial CC 0.62 0.05 0.12 0.01

Hg wet deposition

Mean, g km−2
·y−1 9.1 ± 4.5 8.9 ± 3.0 3.1 ± 1.4 2.0 ± 0.9 0.6 ± 0.3

Relative bias, % −1.8 −65.6 −77.7 −93.6

Spatial CC 0.58 0.33 0.4 0.2

*Total Hg0 mass up to 20-km altitude estimated based on the measured vertical profiles of Hg0 concentration up

to 12 km (Fig. 4A and SI Appendix, Fig. S5A) and linear decrease of Hg0 concentration down to zero at 20 km.
†Total HgI,II mass up to 20-km altitude estimated based on the aircraft measurement of the vertical profile of

HgI,II concentration (Fig. 4B and SI Appendix, Fig. S5B).
‡Relative bias: RBIAS ¼ M�O

O
100%; M and O are modeled and observed values, respectively.

§Pearson’s correlation coefficient (CC):Rcorr ¼

P

i
ðMi�MÞðOi�OÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

i
ðMi�MÞ2

P

i
ðOi�OÞ2

p .

0.3 1 2 5
0.3

1

2

5

1:
2

1:
1.
5

2:
1

1.
5:
1

1:
1

Run #1

Run #2

M
o
d
e
l,
n
g
/m

3

Observed, ng/m
3

A

B

C

Fig. 2. Comparison of modeled and observed spatial patterns of elemental mercury (Hg0) concentration in the atmosphere for run 1 (A, no photolysis), and

run 2 (B, HgI,II photolysis), and scatter plot of the model-to-measurement comparison at ground-based sites (C) in 2013.
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similar to run 2, with HgBrOH being the predominant species
throughout the troposphere (SI Appendix, Fig. S6).
In summary, although we acknowledge there are uncertainties

in current redox kinetics, HgII processing in clouds and aqueous
aerosols, and in the Br concentrations, our results imply, within
the noted uncertainties, a missing Hg0 oxidation pathway in the
troposphere. This Hg oxidation deficit leads to a calculated
unrealistically long Hg0 lifetime. Furthermore, implementation
of the photoreduction mechanism leads to underestimation of
observed HgII wet deposition. These findings demonstrate that
further laboratory, field, and modeling research on the atmo-
spheric chemical cycle of Hg is urgently required.

Methods
Description of the GLEMOSModel. For evaluating the Hg chemical mechanisms

under the atmospheric conditions, we apply the three-dimensional multiscale

chemical transport model GLEMOS. The model simulates atmospheric

transport, chemical transformations, and deposition of Hg species (29, 37). In

this study the model grid has a horizontal resolution 3° × 3° and covers

troposphere and lower stratosphere up to 10 hPa (∼30 km) with 20 irregular

terrain-following sigma layers. The atmospheric transport of the tracers is

driven by meteorological fields generated by the Weather Research and

Forecast modeling system (WRF) (38) fed by the operational analysis data

from the European Centre for Medium-Range Weather Forecasts (39). In the

current version the model treats Hg0, HgBr, HgBr2, HgBrO, HgBrOH,

HgBrOOH, HgBrONO, HOHg, HOHgOOH, and HOHgONO as separate spe-

cies. Gas-particle partitioning of HgII is parametrized following Amos

et al. (40). Details of the chemical scheme used in the model are given in

SI Appendix, Table S1. Note that direct formation of the BrHgO radical, from

the insertion reaction between Hg0 and the BrO radical, was not included in

the present mechanism due to the limited experimental and theoretical

information available on this reaction (SI Appendix, Supplementary Note 3).

Six-hourly concentration fields of Br are archived from a CAM-Chem simu-

lation (41). Concentrations of OH, HO2, NO2, and particulate matter (PM2.5)

are imported from MOZART (42). We have also included the gas-phase

photoreduction of HgBr, HOHg, HgBr2, HgBrOH, HgBrOOH, HgBrONO,

HOHgOOH, and HOHgONO using the photolysis rates calculated by CAM-

Chem (20, 21, 43) (see SI Appendix, Supplementary Note 4 for HgBr2), in-

cluding the photolysis yields determined theoretically by multiconfigura-

tional quantum chemistry (24), and an aqueous-phase photoreduction in

cloud droplets with a photolysis rate constant 0.153 h−1. We perform sim-

ulations for the period 2007–2013 using anthropogenic Hg emissions for

2010 (1) of 1,875 Mg/y. Prescribed fluxes of natural and secondary Hg0

reemissions from soil and seawater are generated depending on Hg con-

centration in soil, soil temperature, and solar radiation for emissions from

land and proportional to the primary production of organic carbon in
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Fig. 3. Comparison of modeled and measured spatial patterns of oxidized mercury (HgI + HgII) atmospheric concentrations for run 1 (A, no photolysis) and

run 2 (B, HgI,II photolysis), and scatter plot of the model-to-measurement comparison at ground-based sites (C) in 2013. Circles present sea-level sites in

northern midlatitudes; squares, high-elevation sites; triangles, sites in the southern hemisphere.
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seawater for emissions from the ocean (37). Additionally, prompt reemission

of Hg from snow is taken into account using an empirical parametrization

based on the observational data (44–46). Total net evasion of Hg0 from

natural terrestrial and oceanic surfaces varies from 3,050 to 3,200 Mg/y for

different tests that is comparable with 3,370 Mg/y of net Hg0 emission es-

timated by Horowitz et al. (6). The first 6 y of the period are used for the

model spin up to achieve steady-state Hg concentrations in the troposphere.

The model results are presented as annual averages for 2013.

Hg0 and HgII Observations. The dataset of ground-based Hg0, HgII, and HgII

wet deposition observations used in this study is based on the compilation of

observations published in Travnikov et al. (29). It contains observations from

the Global Mercury Observation System (GMOS) monitoring network (47,

48), the EMEP regional network (49), the Mercury Deposition Network of the

National Atmospheric Deposition Program (50), the Atmospheric Mercury

Network (51), and the Canadian National Atmospheric Chemistry Database

(52, 53). The dataset includes annual mean measurements of Hg0, HgII, and

HgII wet deposition flux in 2013. Geographical location of the measurement

sites is shown in SI Appendix, Fig. S7.

For the dataset of altitudinal HgII variability, we compiled northern

hemisphere midlatitude (30-60°N) aircraft HgII data from the literature, with

observations made by dual-channel oxidized Hg difference methods (17, 54,

55). Gaseous oxidized HgII observations made by KCl-coated denuder

methods (56) were multiplied by 1.56 following ref. (57) for typically

observed denuder HgII loss under free tropospheric conditions (55, 57).

Gaseous oxidized HgII (loss-corrected) and particulate HgII in the Brooks et al.

(56) study were summed to yield total HgII. The unique, but uncalibrated,

stratospheric mean HgII observations by Murphy et al. (58) were anchored to

the Slemr et al. (59) mean HgII observations for December–May (30–60°N).

All available aircraft HgII data were subsequently binned for 1-km altitude

levels, and mean and SDs are shown in SI Appendix, Fig. S8.

For the dataset of vertical Hg0 distribution, we used data from two simul-

taneous aircraft measurement campaigns in northern Europe. The European

Tropospheric Mercury Experiment (ETMEP) measured vertical profiles of the

Hg0 concentration inside the planetary boundary layer and the lower free

troposphere in an altitude range of 500–3,500 m (60). The measurements

were performed with two collocated Tekran instruments (2537X and 2537B).

These were both operated with upstream particle filters and one (2537B)

with an additional quartz wool trap to remove oxidized Hg species (54, 61).

The experiment was timed in a manner that the data are comparable to

observations from the Civil Aircraft for the Regular Investigation of the at-

mosphere Based on an Instrumented Container project which measured total

Hg and Hg0 in altitudes from 6,000–12,000 m using a Tekran 2537A (62, 63).

Data Availability. All study data are included in the article and SI Appendix.
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