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Tree foliage takes 
up Hg over the 
growing season

Lots of new evidence for significant Hg vegetation uptake
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Hg(0) and CO2 data, NDVI significantly correlated with both trace 
gases (Fig. 3), with the exception of Hg(0) at one site (Schauinsland, 
Germany). For example, at Pallas (Finland), NDVI was able to 

explain 69% and 82% of seasonal Hg(0) and CO2 variation, respec-
tively. The correlations between Hg(0) and NDVI were strongest at 
background sites in Canada (R2 >  0.75 for, for example, Burnt Island 
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Fig. 1 | Time records of atmospheric Hg(0) and CO2 concentrations. Seasonal oscillations of atmospheric Hg(0) (red) and CO2 (blue) concentrations at 
seven monitoring sites around the globe. Fine lines represent daily anomalies and bold lines represent monthly anomalies normalized for long-term linear 
trends. All data meeting quality assurance and quality control criteria of the respective site are presented.
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Atmospheric Hg0

seasonality 
follows CO2
vegetation pump

Jiskra et al., Nat. Geosci. (2018) 

Wohlgemuth et al., Biogeosciences (2022) 

Hg0

CO2
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3 Results and Discussion 

3.1 Variation of foliar Hg concentrations with foliar life period 

Average foliar Hg concentrations (mean ± sd) differed between tree species groups (see Table S1 for definition of tree species 

groups). Ash leaves exhibited highest Hg concentrations (32.2 ± 5.7 ng Hg g-1
d.w.; n = 10), followed by beech leaves (25.5 ± 

9.6 ng Hg g-1
d.w.; n = 373), current-season Douglas fir needles (22.9 ± 6.7 ng Hg g-1

d.w.; n = 27), hornbeam leaves (32.2 ± 5.7 245 

ng Hg g-1
d.w.; n = 10), oak leaves (20.8 ± 9.1 ng Hg g-1

d.w.; n = 287), larch needles (13.4 ± 3.4 ng Hg g-1
d.w.; n = 3), current-

season spruce needles (11.8 ± 3.4 ng Hg g-1
d.w.; n = 1509), current-season fir needles (11.4 ± 2.8 ng Hg g-1

d.w.; n = 66) and 

current-season pine needles (11.0 ± 5.1 ng Hg g-1
d.w.; n = 344). For all tree species sampled at more than 20 forest plots, we 

found significant (p < 0.05) positive trends of foliar Hg concentrations with respective sampling date within the growing season 

(see Figure 2 exemplary for beech and oak and Fig. S5 for pine and spruce).  250 

 
Figure 2. Average leaf Hg concentrations (ng Hg g-1d.w.) in beech and oak samples at multiple ICP Forests plots versus sampling dates (day 
of year; DOY) of respective samples. Sampling took place both in 2015 and 2017. Two plots of holm oak (Quercus ilex) are located in 
Greece and were sampled in December 2015 (DOY = 348) and December 2017 (DOY = 346). Error bars denote ± one standard deviation 
between multiple samples at each forest plot. 255 
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Human activities and climate change perturb the vegetation sink

INPE: ~80% of the Brazilian Amazon rainforest remaining from 1970s extent 
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Mercury (Hg), a neurotoxic contaminant, spreads globally in atmosphereH. M. Horowitz et al.: A new mechanism for atmospheric mercury redox chemistry 6359

4 Global budget of atmospheric mercury

4.1 Budget and lifetimes

Figure 1 (top panel) shows the simulated vertical and latitu-
dinal distributions of annual zonal mean Hg0 and HgII mix-
ing ratios. The fraction of tropospheric HgII in the aerosol
phase ranges from less than 10 to more than 90 % (Amos
et al., 2012). Modeled Hg0 decreases rapidly in the strato-
sphere, while HgII increases with altitude and dominates to-
tal Hg in the stratosphere. This vertical structure is driven by
chemistry (Selin et al., 2007; Holmes et al., 2010), and these
general vertical trends in the two species are consistent with
limited available observations (Murphy et al., 2006; Talbot et
al., 2007; Lyman and Jaffe, 2012). The exact partitioning of
total Hg in the stratosphere between Hg0 and HgII is uncer-
tain, and GEOS-Chem predicts a higher HgII fraction relative
to other models (Bieser et al., 2016). Photodissociation of
gas-phase HgII halides may be possible at ultraviolet wave-
lengths (Maya, 1977), but whether this is important in the
mid-to-upper stratosphere requires further investigation. The
stratosphere in the model accounts for 12 % of total Hg atmo-
spheric mass and is in a very different redox regime from the
troposphere. Here we focus on tropospheric budgets, which
are most relevant to Hg deposition. The stratosphere is dis-
cussed further in Sect. 4.4.

Figure 2 shows the global tropospheric Hg budget from
our GEOS-Chem simulation, including the rates of the ma-
jor Hg0 / HgII cycling pathways. The global tropospheric
Hg reservoir is 3900 Mg, including 3500 Mg as Hg0 and
400 Mg as HgII, smaller than the 4500 Mg reservoir in
Holmes et al. (2010). In both cases, the reservoir was ad-
justed through the HgII photoreduction rate coefficient to
match the observed annual mean TGM at long-term moni-
toring sites, mainly located at northern midlatitudes (Fig. 3).
Holmes et al. (2010) used observations for 2000–2008 aver-
aging 1.87 ± 1.00 ng m�3 STP (p = 1 atm, T = 273 K; n =
39 sites), whereas we use observations for 2007–2013 av-
eraging 1.46 ± 0.25 ng m�3 STP (n = 37). Observed atmo-
spheric concentrations in North America and Europe have
declined on average by 1–2 % yr�1 since 1990, which has
been attributed to the phase-out of Hg from commercial prod-
ucts and declines in coal Hg emissions as a co-benefit of SO2
and NOx emission controls (Zhang et al., 2016). Observa-
tions used in Holmes et al. (2010) also included very high
concentrations at four East Asian sites (3–7 ng m�3 STP;
Nguyen et al., 2007; Sakata and Asakura, 2007; Feng et
al., 2008; Wan et al., 2009), whereas the more recent ob-
servations over East Asia used here (n = 6) are all less than
3 ng m�3 STP (Sheu et al., 2010; Fu et al., 2012a, b; H. Zhang
et al., 2015). Only one site (Mt. Changbai, China) has data
available during both time periods, and observed TGM con-
centrations decreased there by a factor of 2 (Fu et al., 2012b).
Thus, our atmospheric loadings may be more representative
of recent (ca. 2010) conditions.
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Figure 2. Global budget of tropospheric mercury in GEOS-Chem.
HgII includes gaseous and particulate forms in local thermodynamic
equilibrium (Amos et al., 2012). The bottom panel identifies the
major chemical reactions from Table 1 cycling Hg0 and HgII. Re-
actions with global rates lower than 100 Mg yr�1 are not shown.

We calculate several atmospheric lifetimes to understand
the processes driving Hg deposition: the chemical lifetime of
Hg0 against oxidation, the chemical lifetime of HgII against
reduction, the lifetime of HgII against deposition, and the
lifetime of total gaseous mercury (TGM ⌘ Hg0 + HgII(g))
against deposition. We find that the lifetime of Hg0 against
oxidation to HgII in the troposphere is 2.7 months, with Br
atom-initiated pathways contributing 97 % of total oxidation.
This chemical lifetime is smaller than most prior model es-
timates, e.g., 6 months in Holmes et al. (2010), which used
lower Br concentrations. The addition of NO2 and HO2 as
second-stage oxidants is also important in increasing the rate
of HgBr conversion to HgII, more than compensating for
faster thermal decomposition of HgBr relative to Holmes et
al. (2010). Our results are consistent with Shah et al. (2016),
who estimated a global annual tropospheric Hg0 lifetime
against oxidation to HgII by Br atoms of 1.2 to 2.8 months,
based on their simulation of measurements of HgII over the
southeastern US in summer during the Nitrogen, Oxidants,

www.atmos-chem-phys.net/17/6353/2017/ Atmos. Chem. Phys., 17, 6353–6371, 2017

Overall Hg lifetime 
~ 5 month 

ocean
methylation
MeHg

Horowitz et al., Atmos. Chem. Phys (2017)

bioaccumulation

runoff

How well does GEOS-Chem dry 
deposition represent Hg vegetation 

uptake?

What is the impact of Amazon land-
use change on the Hg cycle?
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Direct measurements of Hg0 uptake by forests
Micrometeorological approach Biomass balance approach

Litterfall

Throughfall
Open

Collector

Hg0 Hg2+

Dry dep � Litterfall + Throughfall - Open wet dep

[Hg0]h=0

[Hg0]h=1

Dry dep � Net Ecosystem Exchange

Wet deposition

Hg dry deposition

Hg0

Hg0 Hg2+

Hg2+

Hg2+

Biomass balance approach Micrometeorological approach

Global extrapolation of 1 �ux tower site:
3490 ± 330 Mg yr-1 (Obrist et al., 2021)

Global assessment of litterfall studies:
1180 ± 710 Mg yr-1 (Wang et al., 2016)

Litterfall

Throughfall
Open

Collector

Hg0 Hg2+

Dry dep � Litterfall + Throughfall - Open wet dep

[Hg0]h=0

[Hg0]h=1

Dry dep � Net Ecosystem Exchange

Wet deposition

Hg dry deposition

Hg0

Hg0 Hg2+

Hg2+

Hg2+

Biomass balance approach Micrometeorological approach

Global extrapolation of 1 �ux tower site:
3490 ± 330 Mg yr-1 (Obrist et al., 2021)

Global assessment of litterfall studies:
1180 ± 710 Mg yr-1 (Wang et al., 2016)

Common for O3 but only 1 study for Hg0 over 
forests (Obrist et al., 2021)

Total foliar 
uptake

More studies for Hg, but less accurate
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Comparing modelled and measured dry deposition velocities

M.L. Wesely / Atmospheric Environment 41 (2007) S52–S63S54

💨
🌳

🍂

🌿

Resistance-based 
scheme in GEOS-Chem 

Compiled measurements 
(93 forest sites)

Factors: T, wind, leaf area (LAI), land type
Species: reactivity (f0) and solubility
Simulation year 2015, MERRA2 meteo

Extended from previous reviews: Wright et al., 
(2016); Zhou et al. (2020); Fostier et al. (2015) 

Wesely (1989)

Published: Feinberg et al. Environ. Sci. Process. Impacts (2022), Evaluating atmospheric Hg uptake by vegetation in a chemistry-transport model

Total foliar uptake
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GEOS-Chem underestimates Hg, especially in Amazon

BASE simulation, f0 = 1e-5

Feinberg et al. Environ. Sci. Process. Impacts (2022)

AMAZON_U, f0 = 0.2 in Amazon
3e-5 elsewhere

Amazon total 
foliar uptake

Amazon 
litterfall

Flux 
tower 
(Harvard 
forest)

N. Hemisphere Total foliar uptake
N. Hemisphere Litterfall

1-1 lin
e

(Hg0 reactivity)
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Revised model better agrees with atmospheric Hg observations

Seasonal amplitude improved 
when include stronger veg. uptake

Bias reduced from +0.21 ng m-3 to 
+0.05 ng m-3

South American [Hg] observationsNorthern Hemisphere midlatitudes

Atmospheric measurements from CAPMoN, EMEP, AMNet, GMOS, and LAPAN networks
Sourced in: Travnikov et al. (2017), AMAP/UNEP (2018), Sprovieri et al. (2016), Koenig et al. (2021), Quant (2021)

Observed
BASE
AMAZON_U
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How does Amazon deforestation impact Hg cycle?

Reduced 
uptake

Biomass 
burning

Increased soil 
emissions

Increased 
erosion

Previous 
studies

Fostier et al. 
(2015)

Melendez-Perez 
et al. (2014)

Carpi et al. 
(2014)

Borrelli et al. 
(2020)

Now with 3-D models, can analyze combined effect and Hg fate
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How does Amazon deforestation impact Hg cycle?

Soares-Filho et al., 
Nature (2006)

Deforestation scenarios

GEOS-Chem

- deposition
- biomass burning
- soil emissions

GloSEM

- soil erosion

Models
Business as Usual (BAU) Governance (GOV)

Fire in Pará State, Brazil (Carl de Souza/AFP)

Tracking changes to Amazon Hg mass balance
Extreme upper-end scenario:
Complete deforestation (ALL-DF)
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Land use policies determine strength of Amazon Hg sink

Feinberg, Jiskra et al., in prep. Preliminary results…

Increasing deforestation

Sink becomes 172 Mg yr-1 smaller in 2050-BAU scenario compared to 2003
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Global-scale importance: transfer of Hg to ocean

ALL-DF case:
+337 Mg yr-1 additional Hg deposited to ocean
(340 Mg yr-1 gold mining emissions in S. America)

Atmospheric deposition increases over ocean (ALL-DF)

BAU vs. GOV land use policies:
+61 Mg yr-1 additional Hg deposited to ocean
(> GMA18 Hg emissions: Russia, USA, Colombia, …)

Feinberg, Jiskra et al., in prep. Preliminary results…
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Regional importance: impact on remaining forests

Feinberg, Jiskra et al., in prep. Preliminary results…

Regional Hg0 increases by up to 0.3 ng m-3

Hg inputs to remaining Amazon forest 
increase by up to 20%

Gerson et al. (2022) highlighted Hg 
impacts on Amazon terrestrial ecosystems

Hg deposition change (BAU)



14

Conclusions and Outlook

Modelled Hg0 dry dep now agrees better with observed importance

Takeaway #1

Amazon deforestation leads to substantial Hg mobilization 

Takeaway #2

arifein@mit.edu

mailto:arifein@mit.edu
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