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C L I M AT O L O G Y

Role of the stratosphere in the global mercury cycle
Alfonso Saiz-Lopez1*†, Carlos A. Cuevas1†, A. Ulises Acuña1†, Juan A. Añel2,1, Anoop S. Mahajan3, 
Laura de la Torre2, Wuhu Feng4,5, Juan Z. Dávalos1, Daniel Roca-Sanjuán6, Douglas E. Kinnison7, 
Javier Carmona-García1,6‡, Rafael P. Fernandez8, Qinyi Li1,9, Jeroen E. Sonke10, Aryeh Feinberg1,11, 
Juan Carlos Gómez Martín12, Julián Villamayor1, Peng Zhang13, Yanxu Zhang14,  
Christopher S. Blaszczak-Boxe15, Oleg Travnikov16, Feiyue Wang17, Johannes Bieser18,  
Joseph S. Francisco19, John M. C. Plane4

Mercury (Hg) is a global pollutant with substantial risks to human and ecosystem health. By upward transport in 
tropical regions, mercury enters into the stratosphere, but the contribution of the stratosphere to global mercury 
dispersion and deposition remains unknown. We find that between 5 and 50% (passing through the 400-kelvin 
isentropic surface and tropopause, respectively) of the mercury mass deposited on Earth’s surface is chemically 
processed in the lower stratosphere. Our results show the stratosphere as a unique chemical environment where 
elemental mercury is efficiently converted to long-lived oxidized species. Subsequent downward transport con-
tributes substantially to the oxidized mercury burden in the troposphere. The results show that the stratosphere 
facilitates the global dispersion of large amounts of mercury from polluted source regions to Earth’s remote envi-
ronments. We find that stratospheric transport is as important as tropospheric transport in interhemispheric 
mercury dispersion. Future projections suggest that expected changes in atmospheric circulation will increase 
the transport of mercury into the stratosphere.

INTRODUCTION
Over millennia, human activities have resulted in the emission of 
toxic elemental mercury into the atmosphere, where the element 
disperses globally because of its long atmospheric lifetime of several 
months (1, 2). As a result, it is estimated that ~20% of total atmo-
spheric mercury resides in the stratosphere (3, 4), transported there 
by tropical deep convection. Eventually, mercury is oxidized to sol-
uble or particle-reactive compounds across the atmosphere and de-
posited onto waters, soils, and ecosystems far away from its source 
regions, including in polar environments (1). While the health and 
ecosystem risks have been recognized, leading to the United Nations 

Minamata Convention on Mercury (5), which has been signed by 
more than 140 countries, the critical atmospheric processes that 
convert emitted elemental mercury [Hg(0)] into the more soluble 
and reactive oxidized mercury [Hg(I, II)] and the dispersal of both 
forms around the globe remain uncertain (6, 7). Therefore, under-
standing mercury transport and chemistry in the troposphere as 
well as in the stratosphere is key to determining mercury inputs to 
Earth’s ecosystems (5).

Ground-based measurements of atmospheric mercury are ex-
haustive and consistent (8–11), showing global levels of 1 to 1.7 ng 
m−3 (equivalent to 0.1 to 0.2 parts per trillion by volume), predomi-
nantly in the form of Hg(0). The surface Hg(0) concentrations are 
lower in the Southern Hemisphere (~1.0 ng m−3) than in the Northern 
Hemisphere (~1.5 ng m−3), although not as low as expected con-
sidering the 2.5-fold higher anthropogenic Hg emissions in the 
Northern Hemisphere. It has been suggested that this is caused by 
interhemispheric Hg exchange through the troposphere or by larger 
Southern Hemisphere marine Hg(0) emissions (3,  12). Measure-
ments of vertical profiles of Hg(0) or Hg(I, II) concentration in the 
troposphere and above the tropopause are scarce and lack calibra-
tion and, in the case of the oxidized forms, are likely biased low (13). 
Early aircraft measurements of aerosols between 5 and 19 km above 
the surface discovered the presence of non-meteoritic mercury in 
50% of the analyzed particles, presumably in the form of Hg(I, II), 
up to 8 km above the tropopause, with increasing frequency at high-
er altitudes (14). Further measurements indicated the global pres-
ence of mercury-containing aerosol particles in and near the tropopause 
(15). Later, during the Intercontinental Chemical Transport Experiment-
Phase B airborne campaign, which covered the 0.15- to 12-km alti-
tude range, a low total mercury concentration (<0.5 ng m−3) was 
reported in air masses with a stratospheric origin (16). Similarly, 
from measurements in which elemental and oxidized mercury in 
the gas phase and in particulate phases [Hg(P)] were differentiated 
at 6 to 7 km, it was concluded that Hg(0) is efficiently oxidized in the 
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stratosphere (17). Recently, a large set of airborne mercury measure-
ments in the upper troposphere/lower stratosphere (UTLS) from the 
In-service Aircraft for a Global Observing System (IAGOS) - Civil 
Aircraft for the Regular Investigation of the Atmosphere Based on 
an Instrument Container (CARIBIC) observatory showed gas-phase 
Hg(0) concentrations in the range of 0.25-0.7 ng m−3 up to 4 km 
above the tropopause (18). A larger contribution of oxidized species 
to the total mercury budget in the UTLS and partitioning between 
gas phase and particulate mercury was also reported (18). Although 
these observations that go back two decades have revealed active 
mercury cycling in the stratosphere, the contribution of stratospher-
ic chemistry and transport to the global Hg dispersion and deposi-
tion remains unquantified.

Global and regional mechanistic models of atmospheric chemistry 
and transport are complex but indispensable tools for understanding 
the critical atmospheric component of the biogeochemical mercury 
cycle [see (3) and references therein]. In this regard, previous analyses 
have focused on the chemistry and transport of mercury within the tro-
posphere (2, 3, 12, 19–25). In some cases, the analysis also included the 
stratosphere, but only as an extension of the chemical processes that are 
characteristic of the troposphere (3, 4, 17, 19). Here, we build a new 
comprehensive whole atmosphere model that, in addition to state-of-
the-art tropospheric mercury emissions and photochemistry, also in-
corporates mercury chemical and transport processes specific to the 
stratosphere. We quantify the contribution of the stratosphere to mer-
cury chemical transformation, global and interhemispheric transport, 
and deposition on the Earth’s surface. The model reproduces well the 
observed vertical profiles of mercury. The results show that transport 
and the unique mercury redox chemistry in the stratosphere, followed 
by subsequent downward transport into the troposphere, constitute a 
key contribution to the net global surface deposition of mercury and 
determine the geographical pattern of mercury deposition. We uncover 
a previously unknown global circulation pathway via the stratosphere 
that transports mercury from anthropogenic source regions to remote 
environments, including polar regions.

RESULTS
Chemistry of mercury in the stratosphere
The role of the stratosphere in the global mercury cycle is investigated 
using the Whole Atmosphere Community Climate Model (WACCM) 
(see Materials and Methods for model description and validation). In 
contrast to previous work, we implemented mercury chemical mech-
anisms specific to the stratosphere in WACCM (see the “Mercury 
chemistry in WACCM” section), briefly outlined below.

Oxidation of elemental mercury in the troposphere and lower 
stratosphere is explained by initial reactions (reaction 1) with Br 
atoms and, to a lower extent, with less abundant Cl atoms and less 
reactive OH radicals (3, 20, 21, 24, 26, 27)

In the upper stratosphere, above the ultraviolet (UV)–absorbing 
ozone layer, the additional, fast photosensitized reaction of excited 
mercury atoms with molecular oxygen triggered by 254-nm radiation 
(reaction 2) becomes the dominant oxidation pathway (26)

These first-step oxidation reactions are counterbalanced by gas 
phase reduction processes of the newly formed reaction products. 
Some of them are thermal dissociation reactions, while another 
important group is made up of photodissociation reactions back 
to elemental mercury (2, 23, 28). Secondary reactions of the inter-
mediates XHg(I) not only with O3 (2, 29) but also with NO2, HO2, 
etc., yield lastly a series of Hg(II) compounds with different pho-
tostabilities, prominently HgCl2, HgBrOH, Hg(OH)2, HgClOH, 
and HgBr2 (see details below and in the “Mercury chemistry in 
WACCM” section).

Our coupled troposphere-stratosphere results are in good agree-
ment with observations of mercury concentration vertical profiles 
(Fig. 1D). Note that the quantification of vertical concentration pro-
files of mercury species shown in Fig. 1D may have considerable 
uncertainties due to technical limitations thoroughly discussed re-
cently (13). In addition, these profiles reveal the central role that the 
stratosphere plays in mercury cycling, showing large changes in the 
chemical lifetime of elemental mercury from the surface to the top 
of the stratosphere (fig. S1). We find that the largest mixing ratios of 
oxidized mercury Hg(I, II) in the atmosphere, concomitant with the 
lowest of Hg(0), are located in the lower stratosphere, in a layer 
~5 km thick above the tropopause (Fig. 1). The vertical profiles show 
positive excursions of Hg(I, II) where chemical processes oxidize 
Hg(0), and vice versa (Fig. 1B), thereby revealing the lower strato-
sphere as a hotspot for Hg(I, II) formation [i.e., with a smaller 
Hg(0)/Hg(I, II) ratio; Fig. 1C].

The reason for the enrichment in mercury oxidation products in 
the lower stratosphere is the shift in the balance between the oxida-
tion reactions of Hg(0) and the photoreduction of the resulting 
Hg(I, II) species, which specifically favors the formation of HgCl2, 
the most stable atmospheric form of oxidized mercury (28) (Materi-
als and Methods, fig. S2 and table S1). In the lower stratosphere, the 
first-step reactions of Hg(0) with Br and OH radicals are two orders 
of magnitude faster than the reaction with Cl atoms (fig. S3). How-
ever, the rates of photoreduction back to Hg(0) of the resulting 
products of Br/OH oxidation are also much faster than that of 
HgCl2, the product of chlorine-mediated mercury oxidation (fig. 
S2). In addition, above the mid-stratosphere, the recently reported 
photosensitized oxidation pathway (26) also produces HgCl2 (table 
S2). Hence, the formation of photostable HgCl2 in the stratosphere 
allows its accumulation and transport downward into the global 
troposphere, becoming the dominant oxidized species throughout 
most of the atmosphere (figs. S2 and S4). Overall, the higher photo-
stability of HgCl2 makes the net oxidation of mercury in the strato-
sphere more efficient than in the troposphere (fig. S2), despite the 
longer chemical lifetime of Hg(0) in the stratosphere (fig. S1). The 
model results show that the downward transport of stratospheric 
HgCl2 into the troposphere contributes 51 ± 15% of the total oxi-
dized mercury in the global troposphere, thereby helping to explain 
the underestimates of oxidized mercury in models that only include 
tropospheric chemistry (2).

In summary, these results show that the lower stratosphere func-
tions as a global chemical sink of Hg(0) and a source of photostable 
Hg(I, II) compounds, mainly HgCl2. The efficient chemical conver-
sion of Hg(0) to Hg(I, II) means that the lower stratosphere contains 
the highest mixing ratios of oxidized mercury in the global atmo-
sphere. The model predicts the existence of a layer of enhanced oxi-
dized mercury in the lower stratosphere extending globally from 
north to south (Fig. 1B).

Hg(0)+X+M↔XHg(I) +M

X=Cl, Br, OH; M= air molecule
(1)

Hg(0) +O2 + hV (254 nm) → Hg∗ +O2 → HgO +O (2)
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Budgets of atmospheric mercury
We estimate a mean atmospheric (troposphere + stratosphere) mer-
cury lifetime against surface deposition of 8.2 months, 21% longer 
than the lifetime of mercury in the troposphere (6.8 months). There-
fore, cycling and transport in the stratosphere increases the effective 
lifetime of mercury in the global atmosphere. The model shows that 
~17 ± 4% of the total atmospheric mercury load is in the strato-
sphere, with a total Hg mass of 809 ± 202 Mg [553 ± 138 Mg Hg(0), 
199 ± 50 Mg Hg(I, II), and 57 ± 14 Mg Hg(P)]. In comparison, the 
troposphere contains 3909 ± 977 Mg [3384 ± 846 Mg Hg(0), 507 ± 
127 Mg Hg(I, II), and 18 ± 4 Mg Hg(P)]. Therefore, although most 
of the atmospheric Hg mass is present in the troposphere, the rela-
tive abundance of Hg(I, II) compared to that of Hg(0) is higher in 
the stratosphere. In the troposphere, ~86 ± 21% of the Hg mass is in 
the less reactive elemental form [13 ± 3% Hg(I, II) and 1% Hg(P)]. 
In the stratosphere, the elemental form represents a lower fraction 
of ~68 ± 17% [25 ± 6% Hg(I, II) and 7 ± 2% Hg(P)]. The more 

efficient net oxidation in the stratosphere is key to understand the 
global deposition of Hg.

Stratospheric contribution to oxidized mercury deposition
To track the mercury species that enter the stratosphere, we have 
followed the methodology used in Shah and Jaeglé (4) (see the 
“Mercury transport in the stratosphere” section). In our “base” sim-
ulation, Hg species are tagged when they reach the first layer above 
the tropopause (1 to 1.5 km above the tropopause). To estimate a 
range of uncertainty in the stratospheric contribution to mercury 
deposition, two sensitivity simulations were performed tagging Hg 
at two different layers of the atmosphere. The first sensitivity repre-
sents the upper limit and tags Hg species directly at the tropopause, 
while the second simulation tags Hg in the 400-K isentropic surface 
(i.e., at a higher height, representing mercury transported further 
into the stratosphere over longer timescales) to estimate a lower 
limit for stratospheric mercury deposition in the surface. Averaged 

Fig. 1. Modeled 2005–2014 averaged zonal-mean mercury vertical atmospheric concentration. (A) Elemental [Hg(0)], (B) oxidized mercury [Hg(I, II)], (C) Hg(0)/Hg(I, 
II) ratio, and (D) observed and modeled vertical Hg(0) and Hg(I, II) profiles for 30°N to 60°N. The black line in (A) to (C) indicates the average tropopause height. The defini-
tion of tropopause is based on the lapse rate or rate of decrease of temperature with height (56). (D) Modeled vertical profiles of Hg(0) and Hg(I, II) in parts per trillion by 
volume (pptv), averaged in the 30°N to 60°N region [shaded areas represent two times the spatiotemporal standard deviation (SD), ±2σ], together with measured obser-
vations (black dots including SD, ±1σ), see the “Model validation” section. The model results show a layer in the lower stratosphere with the lowest Hg(0) and highest Hg(I, 
II) mixing ratios, due to efficient oxidation chemistry.
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globally, ~30 ± 8% of the deposited mercury passes through the 
lower stratosphere in the base simulation (first layer above the tro-
popause). This contribution increases to 50 ± 12% when consider-
ing Hg passing through the tropopause layer and decreases to 5 ± 
1.5% when considering only Hg that reached the 400-K isentropic 
surface. The total global deposition of mercury [wet and dry deposi-
tion of Hg(II) and Hg(P)] along with the relative fractional contri-
bution of the troposphere and the stratosphere for the base simulation 
is shown in Fig. 2. Globally, 6920 ± 1730 Mg year−1 of oxidized mer-
cury is deposited onto the Earth’s surface. Of this amount, 4870 ± 
1217 Mg year−1 (70 ± 17%) of the deposited mass is oxidized only in 
the troposphere, while 2050 ± 512 Mg year−1 (30 ± 8%) is cycled 
through the first layer above the tropopause (1 to 1.5 km above the 

tropopause). Note that this relative contribution of the stratosphere 
to the deposited mass of mercury is larger than the ~17 ± 4% of total 
atmospheric mercury that resides in the stratosphere. This is a con-
sequence of the more efficient mercury oxidation to photostable 
products (HgCl2) in the lower stratosphere, resulting in relatively 
more Hg(0) converted into soluble Hg(I, II) compounds within this 
region, which then subsides to the troposphere and eventually de-
posits on the Earth’s surface. This finding reveals the large impact of 
the efficient stratospheric mercury oxidation on global mercury de-
position, despite it containing only a small fraction of the total at-
mospheric mercury mass.

While the transport of mercury to the stratosphere is known to 
occur through the tropics and midlatitudes, predominantly in the 
Hg(0) form (18), the impact of stratospheric cycling is especially 
noticeable in the deposition of mercury in remote regions far from 
emission sources (Fig. 2 and fig. S5). Most of the total mercury de-
position occurs in the Northern Hemisphere, where the main sourc-
es are located. Deposition over the regions close to anthropogenic 
sources is dominated by tropospheric cycling, whereas deposition 
over regions farther away from the sources is controlled by cycling 
and transport in both the troposphere and stratosphere. Following 
the established global circulation patterns (30), the subsidence of 
mercury from the stratosphere into the troposphere occurs mainly 
in mid- to high latitudes. This result highlights the important role of 
the stratosphere in transporting Hg to remote environments. Our 
results show that 33 ± 8% and 29 ± 7% of the deposited mercury in 
the Arctic and Antarctic comes from the stratosphere, mainly in the 
form of HgCl2 and HgBr2 (Fig. 2 and table S3). In this regard, it is 
remarkable that past observations have shown that half of the atmo-
spheric samples of oxidized mercury recovered in Svalbard (79°N) 
contain Cl/Br compounds of the metal (31).

Furthermore, our finding of the strong impact of stratospheric 
oxidation on global surface deposition, especially in the Arctic, can 
explain the recent observation (32) of large mass-independent frac-
tionation (MIF) of even-mass-number isotopes of mercury (e.g., 
200Hg) in high altitude, >6000 m air masses. To date, the only known 
process that can result in the even-MIF of mercury is the UV radia-
tion at 254 nm producing excited triplet Hg atoms [Hg(3P)] and the 
subsequent formation of mercuric oxides (33, 34). Such reactions 
are only possible in the stratosphere because optical absorption by 
the ozone layer prevents UV-C (200 to 280 nm) wavelengths from 
reaching the troposphere. Our results therefore help to explain why 
substantial even-MIF of mercury occurs in the atmosphere (e.g., in 
the air, cloud water, and precipitation) and why the highest degree of 
fractionation is found in the Arctic (32, 34, 35).

Interhemispheric mercury transport via the stratosphere
Our simulations indicate that mercury interhemispheric transport 
in the stratosphere should be considered in the understanding of the 
observed low atmospheric Hg concentration gradient between the 
Northern (~1.5 ng m−3) and Southern Hemispheres (36, 37) (~1.0 ng 
m−3), although anthropogenic mercury emissions are ∼2.5 times 
higher in the Northern Hemisphere than in the Southern Hemi-
sphere (36–38). Past observations in South America have linked an 
increase in observed mercury concentrations to interhemispheric 
mercury exchange via the upper troposphere over the tropical Pacific 
Ocean (39). Our model results indicate that mercury exchange from 
the Northern to the Southern Hemisphere occurs primarily via 
the stratosphere, reducing the interhemispheric mercury gradient. 

Fig. 2. Modeled 2005–2014 average total mercury deposition [wet and dry 
deposition of Hg(II) and Hg(P)]. (A) The total Hg deposition rate (in micrograms 
per square meter per year), with maxima close to the source regions, such as in 
eastern Asia, southern Asia, southern Africa, and eastern Europe; (B) tropospheric 
contribution to the total deposition; and (C) the stratospheric contribution. This 
stratospheric contribution accounts for mercury entering into the stratosphere 
where it is oxidized, transported, and deposited to remote regions. The tropo-
spheric contribution represents only deposited mercury cycled below the tropo-
pause, and hotspots in (B) correspond to local emissions with deposition of 
tropospheric mercury in or close to emissions sources.
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We ran a model scenario using only emissions in the Northern 
Hemisphere (see Materials and Methods) to quantify the impact 
of interhemispheric transport through the stratosphere (fig. S6). 
The results of our base simulation show that ∼52% of Northern 
Hemisphere emissions that contribute to mercury deposition in 
the Southern Hemisphere are transported via the stratosphere com-
pared to ∼48% transported through the troposphere (fig. S6). Hence, 
stratospheric transport is as important as tropospheric transport for 
mercury dispersion from the Northern to the Southern Hemisphere.

DISCUSSION
Implications for atmospheric mercury research
Our results show that the stratosphere is a critical region of the at-
mosphere for a better understanding of the distribution, cycling, 

and fate of mercury in the atmosphere and, ultimately, for more pre-
cise quantification of the global input of atmospheric mercury into 
the Earth’s surface ecosystems (Fig. 3). This understanding has sub-
stantial consequences for ecosystem exposure to mercury contami-
nation, with resultant impacts on human and wildlife health.

We suggest that the stratosphere functions as a “conveyor belt” 
where large amounts of mercury are chemically processed and 
transported from over Earth’s polluted source regions to remote 
environments. Stratospheric circulation contributes to the disper-
sion of mercury across the global atmosphere and its efficient con-
version from Hg(0) to Hg(I, II), which is eventually deposited onto 
the surface. We find that, on a global basis, between 5 and 50% 
(passing through the 400-K isentropic surface and tropopause, 
respectively) of atmospheric mercury is chemically processed 
within the lower stratosphere before being deposited onto the surface. 

Fig. 3. Conceptual representation of the exchange of mercury across the tropopause and surface deposition fluxes. The transport of mercury to the stratosphere 
is predominantly as elemental Hg(0) (black dots) through the tropics and midlatitudes (20° to 60°), while most of the stratospheric mercury subsides back into the tropo-
sphere at midlatitudes and the polar regions, with a larger fraction of oxidized mercury (orange dots).
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This stratospheric contribution to mercury surface deposition can 
be even larger in remote environments, particularly in the southern 
midlatitudes. Stratospheric circulation can also be as important as 
tropospheric dispersion for mercury transport from the Northern 
to the Southern Hemisphere.

Furthermore, the crucial role of stratospheric circulation in the 
dispersion and surface deposition of mercury will have important 
implications for the future. In response to global warming, the 
Brewer Dobson circulation is projected to strengthen (40, 41) and 
stratospheric meridional transport velocities from tropics to polar 
regions to increase (42), resulting in important changes in the role of 
the stratosphere in mercury deposition under climate change. To 
assess the significance of this, we ran a future projection to the end 
of the 21st century under the representative concentration pathway 
RCP8.5 (43) (Future RCP8.5 2080-2099 scenario described in Mate-
rials and Methods). The results indicate a global increase of 12% in 
the contribution of stratospheric mercury to the total Hg(I, II) de-
position by the end of the 21st century relative to the present day. 
This widespread increase is particularly accentuated over the tropi-
cal oceanic surface and at high latitudes (fig. S7). Hence, under on-
going climate change, it is expected that our current estimate of 
mercury deposition due to stratospheric cycling will increase in the 
future with associated changes on the spatial distribution of surface 
deposition over time, stressing the need for enhanced emissions re-
ductions to prevent the increased risk of mercury poisoning under 
climate change.

Atmospheric Hg models are used to attribute Hg deposition to 
source regions and activities (44), as well as to project future mer-
cury deposition patterns based on emissions and climate scenarios 
(45). Many existing mercury models do not adequately resolve 
stratospheric transport of mercury, and none have considered 
stratosphere-specific reactions in their chemical mechanism (46). 
Thus, the findings presented here on the importance of the strato-
sphere for the long-range transport, oxidation, and deposition of 
mercury highlight previously unexplored directions for the im-
provement of these models. The stratospheric transport of mercury 
from anthropogenic source regions to the polar regions, where a 
large fraction of the deposited mercury comes from the strato-
sphere, challenges the decades-old paradigm on the transport of 
mercury to the Arctic and Antarctic regions via the troposphere, 
where transport through the stratosphere was not considered. 
Therefore, future mercury assessments need to consider the interan-
nual variability and trends in stratospheric dynamics, as these driv-
ers could mediate the impacts of mercury emissions on surface 
ecosystems. We conclude that research efforts in atmospheric mer-
cury cycling, which traditionally focused on the troposphere, should 
now include mercury chemical processing and transport in the 
stratosphere.

MATERIALS AND METHODS
Mercury chemistry in WACCM
The state-of-the-art redox chemical mechanism used in the present 
simulations has been described in detail in a recent publication 
(26); a list of reactions included in WACCM is provided in table S2. 
This mechanism incorporates evaluated rate constants and the most 
recent theoretical and experimental data on atmospheric gas-phase 
mercury chemistry and photochemistry. The best available evi-
dence suggests that the direct oxidation of Hg(0) by O3 to HgO is 

negligible (6). Accordingly, the oxidation of elemental mercury 
Hg(0) in the troposphere and lower stratosphere, below the ozone 
layer, is initiated by recombination with atomic Br, OH radicals, 
and, to a lesser extent, Cl atoms (2, 3, 26). The resulting short-lived 
XHg(I) (X = Br, OH, and Cl) intermediates formed in this way are 
further oxidized preferentially (29,  47) to XHgO(II) by reaction 
with O3 and to XHgY(II) by reaction with Y = NO2, HO2, OH, BrO, 
ClO, Br, and Cl. The major Hg(II) species, BrHgOH and Hg(OH)2, 
are formed by reactions between XHgO and methane (48). Mercury 
oxidation is balanced by reduction reactions including XHgO + CO 
(49) and photoreduction (2, 23, 28, 50, 51) of Hg(I) and Hg(II) com-
pounds. The particulate mercury formation has been implemented 
as an uptake of highly soluble Hg(II) compounds on stratospheric 
aerosols. This uptake converts gaseous Hg(II) to particulate Hg(P), 
which is not photolyzed back to the gas phase and has been imple-
mented assuming an uptake coefficient γ = 1 × 10−4 for all Hg spe-
cies (HgBr2, HgBr, HgCl, HgBrOH, HgBrNO2, HgBrOOH, HgBrCl, 
HgCl2, HgClO, HgO, and HgOH).

Dry deposition for HgBr2, HgBrNO2, HgBrOH, HgBrOOH, 
HgCl2, Hg(P), HgBrCl, HgClO, Hg(OH)2, HgClOH, HgOHONO, 
HgOHOOH, HgOHO, HgClONO, and HgClOOH has been imple-
mented, with 1 cm s−1 as deposition velocity for all species (52). 
Wet deposition for HgBr2, HgBrNO2, HgBrOH, HgBrOOH, HgCl2, 
HgO, HgBrOCl, Hg(P), HgBrCl, HgClO, Hg(OH)2, HgClOH, HgO-
HONO, HgOHOOH, HgOHO, HgClONO, and HgClOOH has 
been implemented following the scheme from Neu and Prather (53) 
for HNO3. The Henry’s law solubility constants for these mercury 
species (54) are shown in table S4.

In the mid- to upper-stratosphere, above the ozone layer (>25 km), 
an additional oxidation pathway is initiated by photosensitized 
chemistry (26), where in the absence of a strong absorption in the 
near-UV by ozone, ground state mercury Hg(1S0) is excited to high-
ly reactive Hg(3P1) by absorption at 253.7 nm (table S2). The reac-
tion of Hg(3P1) with O2 to form HgO competes with the relaxation 
of Hg(3P1) by spontaneous emission and collisions with air mole-
cules. This is most likely the origin of Hg mass-independent even-
isotope fractionation (34). The reaction between HgO and HCl, an 
abundant species in the stratosphere, to yield HgCl competes favor-
ably with HgO dissociation and the reductive reaction with ozone. 
Then, HgCl reacts with ozone to yield ClHgO, and, after further re-
actions with HCl, it lastly produces HgCl2. Therefore, the photosen-
sitized oxidation is an additional path to the most stable atmospheric 
form of oxidized mercury.

Mercury transport in the stratosphere
We have used a tagging technique to identify the Hg atoms in any 
form [Hg(0), Hg(I, II), and Hg(P)] that enter the stratosphere. This 
methodology follows that used by Shah and Jaeglé (4). In our base 
simulation, mercury species are tagged when they reach the first 
layer above the tropopause (1 to 1.5 km above the tropopause). 
Then, the chemical and physical processes that tagged species un-
dergo are the same as for those that did not reach the stratosphere 
(untagged species). This method allows the tracking of tagged spe-
cies globally and their relative contribution to global Hg budgets 
and surface deposition. In addition, two sensitivity simulations were 
conducted which involved tagging at two different layers of the at-
mosphere to estimate a range of uncertainty in the stratospheric 
contribution to mercury deposition. In the first model run, which 
can be considered as an upper limit, the stratospheric tag was applied 
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at the tropopause height, while, in a second sensitivity experiment, 
the tag was applied at the 400-K isentropic surface.

Note that the tropopause is computed here following the World 
Meteorological Organization definition (55): “The first tropopause 
is defined as the lowest level at which the lapse rate decreases to 2°C/
km or less, provided also the average lapse rate between this level 
and all the higher levels within 2 km does not exceed 2°C/km.” In 
this work, we use its monthly mean altitude, an output field from the 
model (TROP_Z), using a widely used implementation (56).

In addition to this tagging approach and to ensure its consisten-
cy, we also calculated stratosphere-troposphere exchange (STE) us-
ing two different techniques, which agree with the corresponding 
values obtained from the tagging approach:

1) The Appenzeller et al. (57) formalism to compute cross-tropopause 
mass transport

2) Using the variables for mass flux variation internally comput-
ed by WACCM4, taking into account the terms for advective trans-
port, chemical transport, and vertical diffusion, all of them computed 
using the transformed Eulerian mean (58–60)

With this methodology, we obtain a global deposition of strato-
spheric mercury of 349 Mg year−1 (5% of the total mass), in agree-
ment with our second sensitivity run tagging at the 400-K isentropic. 
The STE results of this second sensitivity are consistent with previ-
ous studies about STE considering the region between the tropo-
pause and the 380-K isentropic surface (61, 62).

WACCM configuration
In this work, we used the WACCM version 4 (WACCM4) (63), a 
fully coupled state-of-the-art interactive chemistry-climate model 
(64). The model setup, with a spatial resolution of 1.9° latitude × 2.5° 
longitude and 88 vertical levels (∼1.4-km vertical resolution in the 
lower stratosphere), is based on the specified dynamics version of 
WACCM4 (SD-WACCM), including reanalysis for temperature, 
zonal and meridional winds, as well as surface pressure fields from 
the Modern-Era Retrospective Analysis for Research and Applica-
tions (MERRA2) (65–67). The standard WACCM chemical scheme 
includes the Ox, NOx, HOx, ClOx, and BrOx chemical families, along 
with gas-phase and heterogeneous reactions on liquid binary and 
ternary sulfate polar stratospheric cloud particles, as well as solid 
nitric acid trihydrate and water ice polar stratospheric particles (68). 
The model (69) also incorporates an updated halogen chemistry 
scheme for chlorine, bromine, and iodine. This version of the WAC-
CM model was used in previous stratospheric studies (26, 70).

WACCM4 (in free runs and with nudged data) has been broadly 
used to evaluate troposphere-stratosphere exchanges in previous 
work (71–76), which supports its suitability for this study. Previous 
studies based on WACCM show that the STE in the tropics is domi-
nated by advection, while, in the extra-tropics, the exchange of air 
masses is dominated by eddy transport (72). WACCM also succeeds 
in representing the temporal evolution of STE and the associated 
mechanisms in agreement with other models (73). In addition, our 
simulations have been tested to represent the climatological STE re-
ported by previous works (73, 74, 77). This is shown in fig. S8, which 
includes the modeled averaged zonal mean of stratospheric ozone 
tracer (O3ST). O3ST is the amount of ozone photochemically pro-
duced in the stratosphere which is transported and destroyed in the 
troposphere.

The benchmark WACCM4 troposphere-stratosphere-mesosphere-
and-lower-thermosphere chemical scheme was updated to include 

previous developments of short-lived (SLH) tropospheric halogen 
chemistry already implemented in the Community Atmosphere 
Model with Chemistry (CAM-Chem4) version of the Community 
Earth System Model (CESM1) (26, 78–81). This includes the offline 
emission of oceanic SLH chloro-, bromo-, and iodo-carbons; the on-
line computation of the sea-salt aerosol (SSA) dehalogenation source 
due to the effective uptake of chloride and bromide from SSA; and 
the heterogeneous reactivation of inorganic halogen reservoirs on the 
surface of ice crystals in the upper troposphere (79, 81, 82). For the 
particular case of iodine chemistry, additional sources of inorganic 
iodine (in the form of HOI and I2) due to the ozone-driven oxidation 
of aqueous iodide occurring at the ocean surface were also included 
(83–86).

We used the speciated anthropogenic Hg emission inventory by 
Zhang et al. (87), which is an improved global inventory that incor-
porated the release of mercury from commercial products and 
emission controls during coal combustion. The total anthropogenic 
emissions were about 2300 Mg year−1, with 65% Hg(0) and 35% 
Hg(II) and Hg(P). We obtained the natural/recycling emissions by 
averaging a 5-year simulation in GEOS-Chem v11 (24) coupled 
with the MITgcm three-dimensional oceanic model (88). The 
reemissions from ocean and soil were about 3200 and 930 Mg 
year−1, respectively, within the current estimates for mercury bud-
get (89). We interpolated these emissions from the original resolu-
tion to 1.9° × 2.5° for WACCM. Note that the estimated annual flux 
of meteoric material arriving at Earth is 16,600 kg/year−1 (uncer-
tainty around 50%) (90), which, together with a median Hg concen-
tration in meteorites of 203 μg kg−1 (interquartile range, 40 to 965) 
(91, 92), results in an amount of about 3.4 g of Hg, which is millions 
of times smaller than tropospheric Hg inputs into the stratosphere. 
Therefore, our model configuration does not include this negligible 
amount of mercury (93) deposited from meteoric material.

To identify the transport and cycling of mercury through the 
stratosphere, all Hg species reaching a specific layer (depending on 
the simulation: tropopause, 1 to 1.5 km above the tropopause, 400 K 
isentrope) have been tagged in the model as “stratospheric mercury” 
(see the “Mercury transport in the stratosphere” section for details). 
In this way, we can track any mercury atom in Hg(0), Hg(I, II), or 
Hg(P) forms that has entered the stratosphere and their subsequent 
chemical transformations until they undergo surface deposition. 
This allows us to differentiate between the budget and deposition of 
tropospheric mercury from the budget and deposition of mercury 
transported and cycled through the stratosphere.

We conducted three runs for this study following on our base 
simulation and according to time and mercury emissions:

1) Present-day scenario: This is the base SD-WACCM simulation 
and includes all global Hg emissions inventories. This simulation for 
the 2005–2014 time period has been run with a spin-up period of 
10 years starting in 1995 to stabilize Hg levels. We have used the in-
ventory for speciated natural and anthropogenic Hg emissions from 
Zhang et al. (87) (representative for the year 2010) described above. 
This model setup is based on the Chemistry-Climate Model Initia-
tive REFC1SD (Reference configuration with prescribed ocean and 
Specified Dynamics) experiment (94).

2) Present-day scenario with NH emissions: identical to the sim-
ulation of present-day scenario but implementing Hg emissions 
only in the Northern Hemisphere.

3) Future RCP8.5 2080–2099 scenario: future projection under 
the RCP8.5 scenario representing the 2090–2099 period (with a 
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spin-up of 10 years starting in 2080), assuming present-day global 
Hg emissions. Because future Hg emissions were not included, this 
simulation predicts changes in the Hg distribution attributable only 
to changes in atmospheric dynamics by the end of the 21st century 
in response to the RCP8.5 climate change scenario. The model setup 
is based on the REFC1 experiment (94), using sea surface tempera-
ture and sea ice field from a 2080–2099 REFC2 (Reference configu-
ration with coupled ocean and free running) simulation.

Model validation
The model output has been thoroughly compared with available ob-
servations. Comparison with vertical profile observations of Hg(0) 
and Hg(I, II) atmospheric concentrations from previous studies, 
predominantly in the 30°N to 60°N region, is shown in Fig. 1D. In 
addition to vertical profiles, the surface Hg(0) estimates were vali-
dated using ground-based observations of Hg(0) from various glob-
ally distributed stations (fig. S9). Mercury deposition fluxes were 
compared with observations of wet deposition from several stations 
worldwide (fig. S11).

The dataset of Hg(0), Hg(I, II), and Hg(P) wet deposition 
observations used in this work is based on the compilation by 
Travnikov et al. (46). This dataset includes observations from the 
Global Mercury Observation System monitoring network (37, 95), 
the European Monitoring and Evaluation Programme regional 
network (96), the Mercury Deposition Network of the National 
Atmospheric Deposition Program (97), the Atmospheric Mercury 
Network (98), and the Canadian National Atmospheric Chemistry 
Database (99, 100). Annual mean measurements of Hg(0), Hg(II), 
and Hg(II) wet deposition flux in 2013 are included in the observa-
tion datasets. The location of all measurement sites is shown in 
fig. S10.

Hg(I, II) profiles are based on Northern Hemisphere midlatitude 
(30°N to 60°N) aircraft Hg(I, II) observations, using dual-channel 
oxidized Hg difference methods (17,  101,  102). Gaseous oxidized 
Hg(I, II) observations made by KCl-coated denuder methods (103) 
were multiplied by 1.56 according to Marusczak et al. (104) for typi-
cally observed denuder Hg(I, II) loss under dry free tropospheric 
conditions (102,  104). Gaseous oxidized Hg(I, II) (loss corrected) 
and particulate Hg(I, II) in the Brooks et al. (104) study were 
summed to yield total Hg(I, II). The unique, but uncalibrated, 
stratospheric mean Hg(I, II) observations by Murphy et al. (15) 
were anchored to the Slemr et al. (18) mean Hg(I, II) observations 
for December to May (30°N to 60°N). All available aircraft Hg(I, II) 
data (14, 17, 18, 102, 103, 105) were subsequently binned for 1-km 
altitude levels. Note that recent studies suggest that most, if not all, 
existing Hg(I, II) measurement techniques suffer from variable bi-
ases, depending on the local conditions and techniques used (13). 
Typically, oxidized Hg(I, II) observations are underestimated due to 
Hg loss from the sorbent surfaces (KCl-coated denuders, quartz 
wool, or cation exchange membranes). While we try to correct for 
some of this bias under dry free tropospheric conditions, such a cor-
rection provides a lower estimate for atmospheric Hg(I, II) at best.

For validation of the Hg(0) vertical profiles, we used aircraft ob-
servations over northern Europe from the European Tropospheric 
Mercury Experiment (ETMEP), which measured Hg(0) concentra-
tions in a range of 500 to 3500 m (25, 106), and the CARIBIC project 
(107, 108), which measured total Hg and Hg(0) at altitudes from 6 to 
12 km using a Tekran 2537A (107, 108). The measurements in the 
ETMEP campaign were performed with two collocated Tekran 

instruments (2537X and 2537B), both operated with upstream par-
ticle filters and one (2537B) with an additional quartz wool trap to 
remove oxidized Hg species (17, 109).

Model uncertainties
WACCM4 includes the most recent mercury redox atmospheric 
chemistry and photochemistry (2, 23, 28, 51). The largest uncertain-
ty contribution to the model results arises from the variability of 
kinetic and spectroscopic parameters of mercury reactions and 
compounds, as noted previously (110). In the case of the thermal 
reactions, we assume a rate coefficient uncertainty of ±25%, if error 
information from the original sources was lacking. In photochemi-
cal reactions, the largest uncertainty arises from the absorption co-
efficients of the spectra. We use here the spectra computed in our 
previous work (2, 23, 28, 51), with an estimated ±25% uncertainty 
in the absorption cross sections, as discussed there. However, we 
acknowledge that the uncertainty to the model results can be larger 
than ±25%.

An additional source of uncertainty in the model results of de-
posited mercury is associated to the variability in mercury emis-
sion inventories, which for some sources are notoriously difficult 
to establish. However, this factor would not modify appreciably 
the main outcome of the present work. Different inventories 
would change the amount of surface-deposited mercury but 
would leave virtually unchanged the relative contribution of the 
stratosphere to mercury deposition. We remark that the specific 
emission inventory used in this work (87) results in good agree-
ment with surface mercury observations (fig. S9). We also note 
that modeled mercury deposition values are time averages and, 
therefore, do not yield direct information on possible interannual 
variability. However, the annual variability is very weak in the time 
period studied here, as shown in fig. S12, and does not increase 
significantly the results’ uncertainty. Note that, here, WACCM4 
runs with specified dynamics, including reanalysis data for tem-
perature, zonal and meridional winds, as well as surface pressure 
fields from MERRA2 (65–67).

Supplementary Materials
This PDF file includes:
Figs. S1 to S12
Tables S1 to S4
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