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Global mercury emissions from wildfires are three
times lower than existing estimates
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In brief

Wildfires release mercury stored in
terrestrial ecosystems, but the traditional
emission-factor method overlooks large
spatial and temporal variability in
biomass mercury content. Using a new
atmosphere-land-vegetation coupled
model, we find that global wildfire
mercury emissions are about three times
lower than previous estimates. Although
smaller in magnitude, episodic fires can
cause strong short-term contamination
and long-lasting postfire impact in land-
atmosphere mercury exchange.
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SCIENCE FOR SOCIETY Mercury pollution is a global environmental concern because it can travel long dis-
tances, accumulate in ecosystems, and threaten human health. As wildfires intensify, understanding how
much mercury they release has become increasingly important. However, many estimates often rely on
simplified assumptions that treat mercury emissions as proportional to burned biomass, ignoring how mer-
cury varies within terrestrial ecosystems. This study uses an advanced atmosphere-land-vegetation coupled
model to provide a more realistic assessment of wildfire mercury emissions and their impacts. We find that
global emissions are much lower than previously estimated, but individual fire events can still cause short-
term local mercury spikes and long-term changes in land-air mercury exchange after vegetation loss. These
insights enable more accurate evaluation of mercury risks and support better environmental and public
health strategies in a fire-prone future.

SUMMARY

Wildfires reintroduce mercury (Hg) stored in terrestrial ecosystems into the atmosphere, raising concerns
about environmental and health risks. Existing estimates rely on emission factors derived from limited obser-
vations and assume that Hg emissions scale with burnt biomass. This simplification can bias emissions
because it neglects the variability in Hg content and fire intensity. Here, we develop an atmosphere-land-
vegetation coupled Hg model to simulate wildfire Hg emissions and postfire impacts for 1995-2014. Our re-
sults show that global wildfire Hg emissions are about three times lower than previous estimates, revealing
that Hg release is controlled primarily by Hg content rather than burnt biomass. Although these emissions are
equivalent to only 10% of global anthropogenic Hg emissions, we find that episodic fires can cause signifi-
cant short-term local contamination and alter land-atmosphere Hg exchange through a wildfire-vegetation-
Hg feedback loop. These impacts warrant greater attention as wildfire risks continue to rise in a warmer
future.

INTRODUCTION high volatility and long atmospheric lifetime.>® Once released

into the atmosphere, Hg can be deposited into aquatic ecosys-
The frequency and intensity of wildfires have been increasing in  tems, where it is methylated by microorganisms into toxic meth-
recent decades due to global warming,'*> accompanied by the  ylmercury, posing significant health risks to humans through the
release of various air pollutants.®>* Mercury (Hg), one of these  consumption of seafood and rice.”® However, there is still large
pollutants, can be transported over long distances given its uncertainty in the estimates of Hg emissions from wildfires,
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which range from 210 to 1,330 Mg year~'.° This is equivalent to
roughly 10%-60% of global anthropogenic Hg emissions, mak-
ing fires an important episodic source that can drive sharp short-
term pollution spikes and subsequently enhance downstream
methylmercury production and transport.®'°

Early studies typically measured atmospheric Hg in smoke
plumes using ground-based stations®'""'? or aircraft'>'> away
from the fire source, as directly measuring Hg emissions during
fire events is highly challenging. Several studies have estimated
wildfire Hg emissions by measuring changes in Hg burden in
vegetation and soil before and after burning.'®'” Emission fac-
tors (EFs) of Hg are derived from these laboratory and field ex-
periments and then combined with published or diagnostic
burned biomass databases to estimate regional or global Hg
emissions from wildfires. However, using EFs from localized
fire events for large-scale estimates fails to account for spatial
variations in terrestrial environments and differences in burning
intensity, leading to significant uncertainties.'®'® In particular,
peat fires involve deep combustion and high soil mercury stor-
age, leading to much higher emissions than non-peat fires,°
yet this distinction is often overlooked in EF-based estimates.
Recent studies have sought to estimate wildfire Hg emissions
on a continental or global scale by integrating previous EF mea-
surements across different geographic regions and vegetation
types.?’*® However, due to the limited number of EF measure-
ments and inconsistencies in assessment techniques, EF values
for the same vegetation type can vary by one to two orders of
magnitude between studies.?* This large variability, raised from
different fire conditions, fuel types, and burning phases, com-
bined with sparse spatial and temporal coverage, limits the
applicability of current EF datasets to represent global wildfire
emissions. Additionally, although the method of estimating emis-
sions using EFs (hereafter referred to as the EF method) is theo-
retically based on the amount of pollutant released per unit of fuel
burned, in practice, the EF of Hg typically relies on generalized or
inferred values that do not account for the actual Hg content in
region-specific fuels,” which is one of the determining factors
in the amount of Hg released during burning.'® This limits the ac-
curacy of Hg emission estimates, particularly in regions with
highly variable biomass Hg content, and prevents reliable
assessment of wildfire-driven Hg exposure and its environ-
mental impacts. Neglecting postfire changes in vegetation and
soil further obscures the long-term influence of fires on land-at-
mosphere Hg cycling,?* leaving substantial uncertainties in both
regional and global Hg budgets.

Here, we address these uncertainties by applying an atmo-
sphere-land-vegetation coupled Hg modeling framework that
overcomes the limitations of EF-based approaches reliant on
sparse and non-representative measurements. Unlike the EF
method, which assumes that Hg emissions scale with burned
biomass, this framework captures nonlinear interactions among
fuel Hg content, fire behavior, and land-atmosphere exchange,
allowing emissions to emerge directly from underlying biogeo-
chemical processes. Using this coupled model, we quantify
global, inter-annual, seasonal, and event-scale wildfire Hg emis-
sions. The model estimates global annual wildfire Hg emissions
during 1995-2014 to be 204 + 121 Mg year~', which is about
three times lower than EF-based estimates. This difference
arises because the Hg content in biomass, rather than carbon
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(C) loss alone, determines the magnitude of emissions. The
framework also reveals substantial short-term atmospheric en-
hancements during fire events, reaching up to 7,000 ppq near
fire regions, as well as persistent postfire shifts in land-atmo-
sphere Hg exchange caused by vegetation and soil loss.
Together, these findings reduce major observational and meth-
odological gaps in current wildfire Hg assessments and provide
a more robust basis for evaluating Hg exposure risks, including
short-term spikes in atmospheric Hg levels, alterations to
regional Hg cycling, and potential contamination of ecosystems
and food chains in a warming and increasingly fire-prone world.

RESULTS

Methods summary

The model integrates the atmospheric Hg model (CAM6-Chem/
Hg)?° and terrestrial Hg model (CLM5-Hg),>® which are coupled
online via the CIME coupler within the Community Earth System
Model version 2 (CESM2).?” It dynamically simulates both within-
compartment (atmospheric and terrestrial) cycling and cross-
compartment (land-atmosphere) exchange of Hg. We focus on
wildfire processes, including non-peat fires and peat fires, where
the burned area is influenced by climate and weather conditions,
vegetation composition and structure, and human activities.?
Wildfire Hg emissions are computed based on biomass and
peat burning and adjusted by the ratio of satellite-derived to
modeled C emissions. The model also tracks changes in vegeta-
tion and soil Hg pools following burning, allowing fire-induced
losses of canopy, litter, and organic soils to alter postfire
gaseous uptake and deposition. This representation captures
both the immediate release of Hg during combustion and the
long-term shifts in biogeochemical cycling that affect regional
land-atmosphere fluxes for months to years.

Lower wildfire Hg emissions

We estimate the mean annual global wildfire Hg emissions dur-
ing 1995-2014 to be 204 + 121 Mg year ', with 72% from
non-peat fires and 28% from peat fires. Using the 14 regions
defined by the Global Fire Emissions Database (GFED)°
(Figure 1A), we find that Equatorial Asia (EQAS) is the largest
contributor to wildfire Hg emissions (30.8%), followed by South-
ern Hemisphere Africa (SHAF) (20.0%) and Northern Hemisphere
Africa (NHAF) (19.0%) (Figure 1B). The high emissions in SHAF
and NHAF are associated with the active wildfires in the region,
which account for the largest proportion of burned area (68.6%)
globally (Figure 1E). In contrast, EQAS accounts for only 0.6% of
the global burned area but contributes disproportionately to the
highest regional Hg emissions through extensive peatland
burning. When considering only Hg emissions from non-peat
fires, EQAS’s contribution drops to 4.7% (Figure S1).

Our estimate is significantly lower than previous estimates
(612-675 Mg year™ ") based on the EF method.?"**? For compar-
ison, we assign the region-specific EF values compiled by Kumar
et al.’' to different regions and vegetation types (see the
methods), resulting in a diagnostic global wildfire Hg emission
of 576 Mg year~" (Figure 1C). This value is close to the previous
EF-based estimates but about three times higher than our
modeled result. Large discrepancies also exist in the spatial dis-
tribution of emissions between the two methods (Figure 1D). In
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Figure 1. Global distribution of Hg and C emissions from wildfires and their content in vegetation
(A) Map of 14 geographic regions used in this study according to the Global Fire Emissions Database (GFED) (see Table S1 for the full names of the 14 regions).
(B and C) Spatial distribution of annual mean wildfire Hg emissions for the period 1995-2014 estimated by the coupled Hg model and the emission factor (EF)

method, respectively.

(D) The absolute difference between (B) modeled emissions and (C) EF-based emissions, i.e., (B) — (C).

(E and F) Spatial distribution of burned area fraction and modeled wildfire C emissions, respectively.

(G and H) Spatial distribution of normalized Hg and C contents in vegetation, respectively.

(I) The absolute difference between normalized (H) C content and (G) Hg content in vegetation, i.e., (H)—(G).

The pie charts in (B), (C), (E), and (F) show the relative contributions of the 14 geographic regions. The colors are consistent with the definitions in (A), and only

regions with contributions exceeding 15% are labeled.

the EF-based estimates, SHAF becomes the largest contributor
to wildfire Hg emissions (27.5%), followed by Southern Hemi-
sphere South America (SHSA; 15.9%) and NHAF (15.4%). It is
noted that EQAS only contributes 10.9% to the total Hg emis-
sions, which is related to the low proportion of wildfire C emis-
sions in this region (7.6%). Overall, the spatial distribution
of EF-based wildfire Hg emissions across the 14 regions is highly
consistent with that of modeled wildfire C emissions (Figure 1F)
(Pearson correlation coefficient r = 0.97), indicating a strong cor-
relation between Hg and C emissions obtained from the EF
method. In contrast, the correlation between the wildfire Hg
emissions and C emissions is much weaker in our model
(r=0.66).

The primary distinction between the EF-based approach and
our findings stems from the fact that we consider the variations
between Hg and C within terrestrial ecosystems. Fuel load,
defined as the available biomass for combustion, is one of the
main limiting factors for fire occurrence and emissions in the
model.*® However, due to the unique physicochemical pro-
cesses of Hg (e.g., deposition and redox chemistry), Hg content
in soil and vegetation is much higher in contaminated areas than
remote regions,®" leading to large differences between Hg and C
contents in biomass. Our model shows that C content in vegeta-
tion is relatively high in equatorial and boreal regions, while Hg
content is elevated in regions near pollution sources (e.g., East

Asia and the Amazon) (Figures 1G and 1H). When wildfires occur,
this spatial discrepancy in Hg and C contents in vegetation
(Figure 11) results in differences in the spatial distribution of wild-
fire Hg emissions estimated by the two methods (Figure 1C). We
further conduct a sensitivity simulation by replacing the modeled
wildfire Hg emissions with the EF-based diagnostic results at
each time step. The results show abnormally high wildfire Hg
emissions estimates compared to the available Hg content for
combustion in certain grid cells (Figure S2). Australia (AUST) pro-
vides a typical example to illustrate this issue: the burned area in
AUST accounts for 11.7% of the global total, but its contribution
to Hg emissions is relatively small (3.1%) due to the low Hg con-
tent in local vegetation. Recent measurements from Australian
smoke plumes reveal that local EF values are significantly lower
than those from other regions,® which have been used as prox-
ies for estimating wildfire Hg emissions in AUST.>® We argue that
EF methods derived from limited measurements or a single fire
event are associated with large uncertainties.’?° This leads to
a tendency to overestimate Hg emissions in major wildfire re-
gions (e.g., SHAF, NHAF, and SHSA) while underestimating
them in the vicinity of Hg-contaminated regions [e.g., EQAS
and Central Asia (CEAS)]. This discrepancy implies that assess-
ments of wildfire Hg emissions based on the EF method may
misrepresent their spatial patterns, thereby affecting our broader
understanding of Hg cycling and its environmental risks.

One Earth 9, 101566, March 20, 2026 3
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Figure 2. Temporal variations of Hg emissions from non-peat fires and the impact of specific fire events on Hg-related processes
(A) Inter-annual variations of non-peat-fire Hg emissions in 14 regions from 1995 to 2014. The colors correspond to those defined in Figure 1A.
(B) Monthly variations of modeled Hg emissions (solid red line), EF-based Hg emissions (dashed red line), modeled C emissions (solid blue line), and burned area

(orange columns) from non-peat fires.

(C) Monthly anomalies of (i) Hg emissions from non-peat fires, (i) Hg content in vegetation, (iii) Hg dry deposition rate, and (iv) leaf area index (LAI) in an emission
hotspot (16°N-24°N, 95°E-105°E) during 2003-2007. The red and blue lines represent tropical broadleaf evergreen trees and C, grass, respectively. The orange

columns represent periods with wildfires.

Non-peat-fire Hg emissions and postfire impacts

The global Hg emissions from non-peat fires are estimated to be
146 + 24 Mg year™ ' and show a significant decreasing trend of
2,973 kg year~ ' during 1995-2014 (Figure 2A) (non-parametric
Mann-Kendall test with a 5% significance level). This variability
is similar to the non-peat-fire C emissions (r = 0.91), which also
show a significant decreasing trend (Figure S3A). However, in-
ter-annual variations in both vegetation Hg and C contents are
negligible at the global or regional scale (Figures S3C and
S3D). It indicates that changes in the burned area (mainly in
NHAF and SHSA; Figure S3B) lead to the decline in Hg and C
emissions from non-peat fires during this period. Meanwhile,
the spatial variations in the vegetation Hg and C contents also
result in differences in the regions that drive inter-annual
changes in emissions. SHAF and NHAF contribute equally to
Hg emissions, while SHAF contributes more to C emissions on
average (Figures 2A and S3A).

The modeled global Hg emissions from non-peat fires exhibit
clear seasonal variations, with a primary peak from August to
October and a second peak in March (red solid line in
Figure 2B). Similarly, the modeled non-peat-fire C emissions

4 One Earth 9, 101566, March 20, 2026

and burned area show comparable seasonal patterns, with
peaks in October and March, respectively. However, the sea-
sonal fluctuations of modeled Hg emissions (coefficient of varia-
tion [CV] = 43%) are lower than those of C emissions (CV = 53%),
burned areas (CV = 58%), and EF-based Hg emissions (CV =
58%), reflecting different underlying processes for Hg and C
emissions. These peaks in burned area coincide geographically
with meteorological factors such as high surface temperatures,
low precipitation, and low surface relative humidity (Figure S4),
which drive the occurrence and extent of fire activity. These
weather controls on wildfire activity have been widely examined
in previous studies.®*>° However, the magnitude of Hg released
from a given fire is primarily determined by the Hg content in
vegetation and soils, which sets an upper bound on emissions.
As a result, even under similar fire intensities or burned areas,
Hg emissions can differ substantially across regions depending
on local terrestrial Hg stocks. It is noted that the modeled Hg
emissions from non-peat fires remain elevated from August to
October, with low month-to-month variability (<2 Mg month™";
Figure 2B). However, the dominant region for Hg emissions shifts
from Eurasia (43.3%) in August to Africa (68.0%) in October,
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Figure 3. Spatial and temporal distribution of Hg emissions from peat fires

(A) Global distribution of annual mean peat fire Hg emissions.

(B) Inter-annual variations of Hg emissions (red line), C emissions (blue line), and burned area (orange columns) from peat fires from 1995 to 2014.
(C and D) Global distribution of Hg density and C density in surface soil (~1 m), respectively.

while Africa consistently dominates the C emissions during this
period (Figure S5). These discrepancies can also be attributed
to the spatial differences in Hg and C contents in vegetation,
highlighting the temporal decoupling of Hg and C emissions
from fires.

We further investigate the postfire impacts on atmospheric
and terrestrial Hg cycling in an emission hotspot in Southeast
Asia (16°N-24°N, 95°E-105°E), where the vegetation is domi-
nated by tropical broadleaf evergreen trees (BETs) and C4 grass.
We find that with each wildfire event (orange columns in
Figure 2C), Hg stored in vegetation rapidly decreases due to
biomass burning, accompanied by substantial Hg release into
the atmosphere (Figures 2C-i and 2C-ii). Specifically, Hg emis-
sions and the reduction of vegetation Hg content per unit of
burned area from tropical BETs were approximately two times
higher than those from C, grass, reflecting differences in emis-
sion intensity across vegetation types.*® Additionally, we find
an interesting fire-vegetation-Hg feedback loop. The fire events
lead to substantial vegetation biomass loss, reducing the leaf
area index (LAl) of both tropical BETs and C,4 grass (Figure 2C-
i), which in turn affects the dry deposition rate of atmospheric
Hg (Figure 2-iv) and weakens the ability of vegetation to act as
an Hg sink in the postfire periods. Taking the second fire event
as an example, we find that the LAl of tropical BETs and C, grass
decreased by 0.5% and 1.3%, respectively, compared to pre-
fire levels. The Hg dry deposition rate also decreased by 1.8%
and 2.7%, respectively. Although these changes are not statisti-
cally significant at the 95% confidence level due to the limited
sample size, the consistent direction of changes across multiple

fire events supports the mechanistic link between vegetation
disturbance and atmospheric Hg cycling.

Hg emissions from peat fires

The modeled Hg emissions from peat fires are 58 + 112 Mg
year™ ! during 1995-2014 with drastically different spatial distri-
butions (Figures 3A and S1A). Peat fire Hg emissions account
for 28% of the total wildfire Hg emissions, despite peatlands
covering only about 3% of the Earth’s land surface.®” During
the study period, a dominant portion of peat fire Hg emissions
is concentrated in EQAS (96.8%), followed by boreal North
America (BONA; 1.7%) and boreal Asia (BOAS; 1.5%). The
spatial distribution of C emissions from peat fires shows a slightly
different pattern, with EQAS, BONA, and BOAS contributing
91.5%, 5.8%, and 2.7%, respectively (Figure S6). This decou-
pling of Hg and C emissions from peat fires is mainly caused
by the spatial differences in Hg and C contents in surface soils
(Figures 3C and 3D). Hg content in surface soils is higher in
temperate and tropical regions due to human activities and at-
mospheric deposition,*® whereas soil organic carbon is predom-
inantly concentrated in the northern high latitudes, where low
decomposition rates prevail.**

We find a drastic inter-annual variability for Hg emissions from
peat fires (red solid line in Figure 3B). Specifically, there are 4
years (1997, 2002, 2007, and 2014) when Hg emissions ex-
ceeded 100 Mg year™ ', while emissions in most other years
were much lower (<10 Mg year™"). The inter-annual variability
in Hg emissions from peat fires is broadly consistent with that
of C emissions (r = 0.94). In both 1997 and 2002, Hg emissions

One Earth 9, 101566, March 20, 2026 5
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Figure 4. Effects of wildfire Hg emissions on atmospheric Hg concentrations and deposition
(A and B) Global distribution of wildfire-induced multi-year average changes in (A) surface atmospheric Hg concentrations and (B) total Hg deposition fluxes.
(C) Distribution of maximum monthly atmospheric Hg concentrations changes in the tropics and monthly time series for selected regions.

from peat fires were more than twice those from non-peat fires,
despite the burned area being less than 1% of that of non-peat
fires. This indicates an extremely high Hg emission intensity in
peatlands. The particularly high Hg emissions in 1997 are
concentrated in Indonesia, driven by the drought and deforesta-
tion associated with the severe El Nifo event in 1997-1998,
which also led to substantial C emissions during this extreme
peat fire event.”C Friedli et al.?” also reported high Hg emissions
in the EQAS region in 1997 (>700 Mg) using the EF method,
which was similar to our estimate (652 Mg), but their approach
cannot quantify the relative contributions of peat and non-peat
fires. The seasonal variations of Hg emissions from peat fires
differ slightly from those of non-peat fires, with emissions
showing a single peak and being primarily concentrated be-
tween July and October (Figure S7). This seasonal emission
pattern is largely driven by human activities, particularly peatland
clearing for agriculture or industry during the dry season.*’
Furthermore, although boreal peatlands, a major global Hg
sink, do not show high Hg emissions in our simulation during
the study period, they may face significant emission risks®® as
wildfires expand northward with future global warming.*’

Impact on atmospheric Hg levels and deposition

We quantify the impact of wildfire Hg emissions on atmospheric
levels and deposition by comparing model simulations with and
without wildfire Hg emissions. Globally, wildfires result in an
average increase of 2.5% in surface Hg concentrations (+3.7
ppaq) and 2.9% in total atmospheric Hg mass (+130.2 Mg). The
spatial distribution of elevated surface Hg concentrations
strongly correlates with wildfire Hg emission hotspots (r = 0.89).
These increases are concentrated in the tropics (23.5°S-
23.5°N), where surface Hg concentrations rise 40.5% higher
than in extratropical regions (Figure 4A). Our model indicates

6 One Earth 9, 101566, March 20, 2026

that Indonesia has the largest increase (>190 ppq), primarily
driven by peat fire Hg emissions, while the increase in other re-
gions is mainly from non-peat fires. In contrast to the spatial dis-
tribution of anthropogenic Hg emissions, wildfire Hg emissions
are higher in the Southern Hemisphere than in the Northern Hemi-
sphere, decreasing the interhemispheric gradient of surface Hg
concentrations (defined as the North-South concentration ratio)
from 1.36 to 1.35. The elevated atmospheric Hg levels from wild-
fires in turn enhance atmospheric Hg deposition, leading to an
average increase of 202.2 Mg year~' (Figure 4B). Although Hg
emitted from wildfires can undergo long-range transport through
the atmosphere, a considerable portion of the increased atmo-
spheric Hg deposits back near the fire sources (r = 0.63), as trop-
ical regions serve as important sinks for atmospheric Hg. Specif-
ically, the increase in atmospheric Hg deposition attributable to
wildfire emissions is higher in the tropics (119.9 Mg year’1)
compared to extratropical regions (82.2 Mg year™).

Results at the monthly scale further highlight the local and
episodic impact of wildfire emissions on atmospheric Hg con-
centrations. These episodic emissions contribute to acute
spikes in atmospheric Hg levels, with the maximum monthly in-
crease averaged over the tropics exceeding the multi-year
average by about 311%. More specifically, over 10% of the trop-
ical region experiences a monthly maximum increase exceeding
50 ppqg, with the highest grid-level increase surpassing 7,000
ppq (Figure 4C). There are also clear regional differences in the
impact of wildfires on Hg concentrations, with Southeast Asia
showing stronger episodic fluctuations compared to equatorial
Africa at the monthly scale (shaded area in Figure 4C). Although
wildfire Hg emissions are an order of magnitude lower than the
anthropogenic sources, the episodic nature of wildfire emissions
leads to sharp, localized spikes that may have a disproportionate
short-term impact on ecosystems and human health.
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DISCUSSION

Implications

Existing estimates of wildfire Hg emissions are highly uncertain
due to areliance on limited EF measurements that do not capture
spatial variability in biomass Hg content, fire severity, and post-
fire changes in vegetation and soil. Here, we use a coupled at-
mosphere-land Hg model to provide process-based emission
estimates that integrate biomass Hg content, fire-vegetation
feedbacks, and postfire adjustments. Our simulation results indi-
cate that global Hg emissions from wildfires are significantly
lower than EF-based estimates,”"?* highlighting that biomass
Hg content, rather than simply burnt biomass, dominates Hg
emission. By explicitly accounting for spatial heterogeneity, wild-
fire-vegetation-Hg feedbacks, and postfire adjustments, our
model reduces major uncertainties in emission estimates and
improves mechanistic understanding of Hg cycling. This
enhanced understanding can inform more accurate assess-
ments of Hg exposure risks and guide evaluations of land-use
and fire management impacts on global Hg cycling. Further-
more, the lower estimate of wildfire Hg emissions suggests
that the atmospheric lifetime of Hg is likely slightly longer than
previously believed (6.6 vs. 5.3 months®®), given the constraint
of the observed atmospheric Hg levels. Alternatively, current
global emission inventories may underestimate other Hg sources
by about 400 Mg year™", including both anthropogenic emis-
sions and re-emissions from soils and oceans, the estimate of
which also bears large uncertainties.*

The very limited observations of the EF of Hg have constrained
the accurate representation of Hg content in biomass when using
the EF method. Based on comparisons with our simulation re-
sults, we emphasize the need to increase field observations
and experimental measurements of Hg’s EF in regions where
wildfire Hg emissions are the largest or are highly variable. In
particular, Central Africa, tropical South America, and Southeast
Asia emerge from our analysis as priority areas due to their
frequent and intense fires and the substantial contribution of
biomass burning to regional Hg emissions. Improvements in
EF-based approaches should also prioritize refining EF classifi-
cations according to vegetation type and geographic region,
enhancing the spatial and temporal resolution of fuel load and
combustion completeness data, and incorporating postfire
vegetation feedback mechanisms. Together, these advance-
ments would significantly enhance the accuracy and reliability
of Hg emission estimates from wildfires. This focus on EF
uncertainty is also relevant for other pollutants, such as Pb, Cd,
and semi-volatile organic compounds, which share similar inter-
actions with vegetation and soils and may be remobilized by wild-
fires, suggesting that analogous process-based assessments
could improve emission estimates for multiple contaminants.

Climate change alters the frequency and intensity of wildfires,
leading to changes in vegetation cover and C release, which
provides a feedback effect on the global and regional climate
through a complex wildfire-vegetation-climate feedback loop.**
Using the coupled model, we identify an additional wildfire-vege-
tation-Hg feedback loop. Wildfires directly increase atmospheric
Hg sources through biomass burning and subsequent soil emis-
sions while also indirectly reducing atmospheric Hg sinks by
affecting vegetation. These combined effects exacerbate atmo-
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spheric Hg pollution. The postfire impacts, which are crucial
but often overlooked in atmospheric and terrestrial Hg cycling
studies,?* should be considered when assessing the full impact
of wildfires.

Although our modeling results indicate that current Hg emis-
sions from wildfires are relatively low, the episodic nature of
Hg emissions from wildfires is evident in the occurrence of large
spike years, which significantly deviate from typical emission
levels. For instance, Hg emissions from the 1997 peat fire event
were estimated to be about one-third of global anthropogenic Hg
emissions, posing a significant short-term risk of localized Hg
contamination. More recently, a series of extreme wildfire events
have occurred globally, with record-breaking local wildfire
burned area and emissions (e.g., AUST in 2019-2020, the west-
ern United States and Siberia in 2020 and 2021, and Canada in
2023-2024).** Hg emissions from such extreme events are ex-
pected to have large implications for the global Hg cycle, and
our model provides an effective tool for assessing these events
and their potential impacts. Furthermore, the increasing fre-
quency and intensity of wildfires driven by climate change,’
along with their shifting spatial patterns,*® could pose a more
prominent impact on global terrestrial Hg stocks (e.g., forests
and peatlands) and the atmospheric Hg pools in the coming de-
cades. The burned area is projected to show a significant posi-
tive trend primarily in regions such as the Amazon, northwest
Eurasia, and Southeast Asia,*>“° which also coincide with areas
of high terrestrial Hg content. In summary, while previous studies
have predominantly focused on ozone, carbon monoxide, vola-
tile organic compounds, and particulate matter contained in
wildfire smoke,*”~*° the health impacts of Hg triggered by wild-
fires cannot be overlooked and warrant further investigation.

Uncertainties
Potential uncertainties exist in our model results. Firstly, accu-
rately describing wildfire processes is crucial for emission esti-
mates. The fire module in CLM5 has been extensively evaluated
for simulating the burned area and wildfire emissions.*~>? Un-
certainties remain in the parameterization of specific fire
processes, such as deforestation and peat fires in boreal tundra,
primarily due to a lack of observations and mechanism ana-
lyses.?®° Compared to the latest GFED5 estimate,”® CLMS5,
like most other wildfire models, lacks adequate representation
of small fires, resulting in an underestimation of the burned
area. Uncertainties also exist in the parameterization of wildfire
emissions, such as the use of fixed combustion completeness
factors that do not account for potential variations in environ-
mental conditions. In reality, combustion completeness can
vary with fire intensity, fuel moisture, and vegetation type, which
may affect the absolute magnitude of simulated emissions. For
the dominant case of foliage combustion, combustion complete-
ness is generally set between 0.7 and 0.85,%° and such variation
is not expected to substantially affect the overall emission
estimates. Additionally, the parameterization for peat wildfire
emissions is largely based on a single event, which may lack
representativeness over a longer period.”® Future modeling ef-
forts would benefit from more in-depth analyses of fire mecha-
nisms and a broader range of observations.

Secondly, the GFED4s fire emissions inventory, while widely
used in global fire and atmospheric modeling,”* contains
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inherent uncertainties that can influence the accuracy of derived
Hg emission estimates. One key source of uncertainty stems
from the satellite detection of small fires, especially before the
MODIS era (pre-2000), when GFED relied on lower-resolution
sensors (e.g., Along Track Scanning Radiometer).?° Additional
uncertainty arises from assumptions in fuel consumption, with
limited ground-based validation hampering formal error assess-
ment.*® Notably, GFED5 estimated a 61% higher burned area
than GFED4s due to its improved small fire detection algo-
rithm.>® However, emission products based on GFED5 have
not yet been released. Overall, GFED4s has an estimated uncer-
tainty of £20%-25% (1o), which could be higher in regions domi-
nated by small fires or organic soils.”®

Thirdly, there is uncertainty in the representation of atmo-
spheric Hg migration into land, which serves as the primary
source of Hg in terrestrial ecosystems and is therefore highly
relevant for estimating Hg emissions from wildfires. The simula-
tion results for total Hg vegetation uptake are generally
consistent with dataset-based estimates, with overall uncer-
tainty estimated to be around 17% in the CLM5-Hg-only anal-
ysis.®® Uncertainties arise in the parameterization of vegetation
uptake, particularly regarding stomatal resistance and biological
reactivity. Using fixed biological reactivity may also lead to dis-
crepancies between modeled results and observations for
different deposition types.®” An additional limitation stems from
the model’s omission of Hg uptake through plant roots, poten-
tially leading to a systematic underestimation of vegetation Hg
accumulation. In contrast to the uncoupled model, which either
prescribes land emissions or neglects vegetation and soil feed-
back, the coupled model allows vegetation and soil to act as
sources or sinks depending on the atmospheric and ecosystem
conditions. This improves mechanistic representation but also
introduces uncertainties in land-atmosphere exchange, particu-
larly in vegetation uptake, soil storage, and postfire recovery.
More observations, especially those focused on various vegeta-
tion types, along with advancements in observational tech-
niques, such as isotopic methods®® and micrometeorological
techniques,”® are essential to reduce these uncertainties.

Fourthly, the migration and transformation of Hg between
different vegetation tissues remain poorly understood and are
subject to gaps in scientific knowledge and observations.®%"
For instance, the chemical transformation and re-emission rates
of absorbed Hg within plants can vary widely depending on
vegetation type, physiological status, and environmental condi-
tions. Hg dynamics in soil and vegetation are constrained by
limited Hg-specific data, with many CLM5-Hg parameters
adapted from C-related parameters, leaving uncertainties in their
environmental and physiological dependencies unresolved and
computationally difficult to quantify.?® In this study, we utilize
the well-studied litterfall Hg flux®?°* as a constraint on vegeta-
tion Hg, leveraging the advanced prognostic capabilities of the
CLM5 model in vegetation phenology®® to reduce the model
uncertainties.

Fifthly, the atmospheric Hg process significantly influences the
Hg exchange flux between the land and atmosphere, and its
simulation is subject to large uncertainties due to factors such
as atmospheric transport and redox chemistry.®® Our model em-
ploys different chemical mechanisms compared to those newly
proposed by Shah et al.,°” yet it shows reasonable agreement

8 One Earth 9, 101566, March 20, 2026

One Earth

with observational data. The overall uncertainty in atmospheric
processes can be quantified by the normalized root-mean-
square error between the modeled and observed ground-level
total atmospheric Hg levels (9%). Since the spatiotemporal vari-
ability in wildfire Hg emissions is influenced more directly by the
local Hg content in vegetation and soil, as well as the specific
characteristics of each fire event (e.g., fuel load, fire intensity,
and meteorological conditions), uncertainty from atmospheric
chemical mechanisms plays a comparatively minor role in deter-
mining emission estimates.

METHODS

The coupled Hg model description
The atmospheric and terrestrial components of the coupled
model are based on CAM6-Chem/Hg®® and CLM5-Hg,*®
respectively. The atmospheric component simulates the emis-
sions, chemistry, transport, and depositions of three main Hg
species: gaseous elemental Hg (Hg®), reactive gaseous Hg
(Hg?), and particulate-bound Hg (Hg"). Specifically, re-emissions
from land, including wildfire emissions, Hg® vegetation re-emis-
sions, Hg" (Hg? and Hg") photoreduction, and soil decomposi-
tion, are calculated online by the terrestrial component, while
anthropogenic emissions, other natural emissions (e.g., geolog-
ical and snow emissions), and marine re-emissions follow
CAMB-Chem/Hg.?® The redox chemical mechanism for atmo-
spheric Hg remains unchanged, with adjustments made to the
oxidation rates by Brand OH (Table S2) to align with atmospheric
Hg observations. We do not adopt the new Hg chemical
mechanism proposed by Shah et al.°” due to its discrepancies
in simulating seasonal variations of atmospheric Hg compared
to observations.””®” The modeling of atmospheric Hg deposi-
tions includes HgP dry deposition and Hg" dry and wet deposi-
tions. The dry deposition velocities of Hg® and Hg? are calculated
online in CLM5 using the multiple-resistance approach.®®®° The
wet deposition of Hg? is treated like other soluble gas-phase
species, considering both in-cloud and below-cloud pro-
cesses.®® Dry and wet removal of Hg” follows the same scheme
as other aerosol species in CAM6-Chem.”°

The terrestrial component simulates the Hg cycle in vegetation
and soil. The fixed atmospheric Hg® concentrations and Hg" de-
positions previously used as upper boundary conditions in
CLM5-Hg are now replaced by the online-calculated dynamic
Hg® and Hg" deposition fluxes at each time step. The atmo-
spheric HgP dry deposition flux previously simulated by CAM6-
Chem/Hg (~1,000 Mg year ) is likely underestimated by a factor
of two or three.®*®" Feinberg et al.®” reported a global Hg® dry
deposition flux of 2,276 Mg year™' by adjusting the biological
reactivity (fp) of Hg® in GEOS-Chem. However, such standalone
atmospheric Hg models have inherent limitations in simulating
land-atmosphere feedback caused by changes in deposition.
In this study, the f, and stomatal resistance (Rs) of Hg® are
adjusted (Table S3) to match the available dry deposition mea-
surements. We assume that 70% of the Hg® dry deposition is
incorporated into the leaf Hg pool and the rest is re-emitted to
the atmosphere.”! Assimilation of Hg" dry deposition can occur
through non-stomatal uptake via cuticles, but the specific mech-
anisms and proportions remain unclear,"’? and we assume that
10% of the Hg" dry deposition is incorporated into the leaf Hg
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pool. The remaining Hg" dry deposition, along with Hg" wet
deposition, is incorporated into the surface soil Hg pool, from
which 30% is assumed to be re-emitted to the atmosphere as
HgP through photoreduction and other processes.”’* We do
not consider Hg dynamics in plant organs and tissues due to
insufficient knowledge of the mechanisms involved.®®"? The
leaf Hg pool is linked with the soil Hg through the vegetation
phenology process. Soil Hg is represented by seven pools,
including one coarse woody debris pool, three litter pools, and
three soil organic matter pools. The transfer processes between
these Hg pools follow the same coupling and dynamics as soil C
pools in CLM5.%® The parameterization of Hg® emissions from
soil decomposition is based on the C decomposition emissions
and the Hg/C emission ratio (0.05 pg Hg g~ C) derived from a
laboratory study.”®

The exchange of Hg fluxes between the atmospheric and
terrestrial components is conducted through the CIME
coupler,”” which includes the atmospheric Hg depositions and
the land re-remissions as described above. The simulation oper-
ates at a 30-min temporal resolution and a horizontal resolution
of 1.9° latitude x 2.5° longitude for both components. To
improve computational efficiency, we first use the Global Soil
Wetness Project (GSWP3) forcing dataset meteorology (1980-
1989) and fixed monthly mean atmospheric Hg deposition fields
from CAM6-Chem/Hg to drive CLM5-Hg for 70 years. Vegetation
Hg pools were initialized from zero, while soil Hg pools were
initialized from the observation-based dataset of Wang et al.*®
Given the large soil Hg reservoir (~740 Gg) relative to annual at-
mospheric deposition (~4 Gg), the spin-up does not change the
soil pool significantly but does enable a quasi-steady state for
vegetation with respect to present-day inputs, although some
regional biases may remain in areas with strong historical-pre-
sent differences. The results from the final year are then used
to initialize the coupled model. We run the coupled model in a
free-running configuration with specified sea surface tempera-
tures for 25 years (1990-2014). The first 5 years are used for
the spin-up of atmospheric Hg pools, and the last 20 years
(1995-2014) are used for analysis. We do not extend the simula-
tion beyond 2014 due to limitations in the model input data (e.g.,
historical emissions, land-use and land-cover change, popula-
tion density, and lightning frequency), which are important pa-
rameters for fire simulation.*®°°

Parameterization of Hg emissions from wildfires

The fire module in CLM5 includes non-peat fires (i.e., agricultural
fires in cropland, deforestation and degradation fires in tropical
closed forests, and other fires outside cropland and tropical
closed forests) and peat fires. Calculation of the burned area
for different types of fire considered the effect of climate and
weather conditions, vegetation structure and composition, and
human activities (see Li et al.”®*° for details). Following the orig-
inal non-peat-fire C emission scheme in CLM5, Hg emissions
(Eng) from the non-peat fires are calculated as

EHg.i = BA, . DHg,i . CC,', (Equation 1)

where i represents 78 plant functional types (PFTs) and BA, Dy,
and CC are non-peat-fire burned area, vertical integration den-
sity of Hg in vegetation, and combustion completeness (see
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Table 2 in Li et al.*° for details), respectively. Since this scheme
accounts for the dynamic changes in Hg content within biomass,
it provides a more realistic estimate of wildfire Hg emissions than
the EF method mentioned above.

The Hg emissions (Exg) based on the EF method are calcu-
lated as

Epg; = EF; - %
where EF is the Hg EFs, Ec is the non-peat-fire C emissions
simulated in the model, and CF (=0.45) is a conversion factor
from dry matter to carbon. The values of EF are categorized
based on the PFTs in CLM5 and are consistent with those
used in the study by Kumar et al.?’

To our knowledge, Kohlenberg et al.”® is the only study to date
that has demonstrated the relationship between emissions and
soil stocks of Hg and C during peat burning in laboratory exper-
iments. Here, we incorporate this relationship into the original
peat fire C emission scheme?® to simulate Hg emissions during
peatland burning:

(Equation 2)

Eng = ¢+ Dyg/Dc - Ec (Equation 3)
tropical peat fires

_ fa,-BA-Dg, .
Ec = { boreal peat fires *  (E4uation 4)

a, - BA,

where Dyg and D¢ are the vertical integration density of Hgand C
in soil, respectively; Ec and BA are modeled C emissions and
burned area from peat fires, respectively; ¢ (=0.71) is a modified
constant for Hg based on the experiments of Kohlenberg et al.”®;
and a; (=0.18) and a, (=2.2 kg m~?) are constants used in the
original fire scheme.?®

In our simulations, all wildfire Hg emissions are assumed to be
in the form of Hg® consistent with previous observations
showing that Hg® accounts for the vast majority of Hg released
during biomass burning."*

Post-processing of wildfire Hg emissions

Given the free-running configuration used to run the coupled
model in this study, we use the satellite-based GFED4s fire prod-
uct®® to constrain the model’s simulation of wildfire activities.
Specifically, we calibrate the modeled wildfire C emissions for
14 GFED regions every 5 years based on wildfire C emission
data from GFEDA4s. It should be noted that since GFED4s data
are only available from 1997 onward, we use the average scaling
factors from 1997-1999 to adjust model outputs for the first
5-year period (1995-1999). The correlation between the cali-
brated inter-annual variability of wildfire C emissions and
GFED4s is thus improved from 0.39 to 0.72. These scaling factors
are then applied to the modeled wildfire Hg emissions, providing
a more realistic estimate of present-day wildfire Hg emissions:

Eé/lod

Cal Mod it .

EHS.j.t = EH;,/I' Eore’ (Equation 5)
Cit

where j represents 14 GFED regions; t represents the calibration
time period, with a 5-year interval between each calibration; and
EC8l, EMod and ECGFED are calibrated, modeled, and GFED4s
emissions, respectively. Importantly, this correction is imple-
mented as a post-processing step. It only modifies the flux of
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wildfire Hg emissions passed to the atmosphere, without altering
the internally simulated vegetation and soil Hg pools. The Hg
stocks in fuels and their depletion during fire events remain gov-
erned by the model’s prognostic fire occurrence, intensity, and
severity. Such region-specific scaling approaches have also
been employed in previous studies to reconcile modeled fire
emissions with satellite-based constraints.””-"®

Model validation

Observations of wildfire Hg emissions are typically scarce and
unevenly distributed, showing significant differences across
fire intensities and types. Additionally, variations in observational
methods and timescales between different studies further
complicate model validation. Therefore, we use the robust atmo-
spheric and terrestrial observations to constrain the coupled
model in this study.

In the atmospheric component, observations of atmospheric
Hg concentrations have been successfully conducted for de-
cades through various regional and global networks and are
widely used to constrain atmospheric Hg models. We first
compare the modeled surface concentrations of atmospheric to-
tal gaseous mercury (TGM; the sum of Hg® and Hg?) with available
observations. The simulated global annual mean surface concen-
tration of TGM is 1.29 ng m~2 STP (standard temperature and
pressure; p = 1,013 hPa, T = 273 K), which aligns well with obser-
vations across 91 ground-based sites worldwide (coefficient of
determination [R?] = 0.78, root-mean squared error [RMSE] =
0.42 ng m3 STP) (Figure S8A). Importantly, the observed
gradient of Hg concentrations between the Northern and South-
ern Hemispheres’® is effectively captured by the model
(Figure S8B), providing a reliable basis for assessing the contribu-
tions of wildfire emissions to global Hg distribution.

In addition to comparing the spatial distribution of TGM con-
centrations with observations, their seasonal variability is also
an important constraint for atmospheric mercury modeling. We
compare the simulation results of the coupled model and
CAMB6-Chem/Hg-only with observations in the northern mid-lat-
itudes (NMLs) and the Southern Hemisphere (Figure S9). Overall,
the coupled model shows higher accuracy in simulating
observed seasonal variations of surface TGM concentrations in
the NML (R? = 0.21, RMSE = 0.27 ng m~2 STP) compared to
CAMS6-Chem/Hg-only (R? = 0.10, RMSE = 0.29 ng m~2 STP).
This may be due to the coupling of terrestrial Hg processes
improving the modeling of atmospheric Hg concentrations. A
previous study suggested that terrestrial vegetation controls
seasonal variations in atmospheric Hg concentrations, particu-
larly in the Northern Hemisphere.®° It is noted that the coupled
Hg model tends to overestimate surface TGM concentrations
during the winter months in both hemispheres. The overestima-
tion in the Southern Hemispheres may stem from several factors:
limited observational coverage (5 sites), uncertainties in oceanic
Hg® emissions and their seasonal cycle,®’ less-constrained Br
concentrations affecting oxidation rates,®” and underestimated
inter-site variability due to model resolution.

Another important atmospheric constraint is Hg deposition,
where dry deposition processes serve as a major source of Hg
for terrestrial vegetation, significantly influencing the Hg emis-
sions during wildfires. We compare the modeled Hg® dry depo-
sition velocities with compiled diagnostic values from litterfall,
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total foliar uptake, and micrometeorological measurements
(Figure S10). The modeled velocities are higher than the obser-
vations at litterfall (normalized mean bias [NMB] = 35%, R? =
0.44) and foliar uptake sites (NMB = 63%, R®> = 0.10) but agree
well with micrometeorological measurements (NMB = —8%,
R? =0.90), which are regarded as a more accurate proxy for total
HgP vegetation uptake.®® Based on these velocities, we obtain a
global total Hg® dry deposition flux of 2,830.8 Mg year~, which is
about 2.8 times higher than the CAM6-Chem/Hg-only estimate
but consistent with a recent bottom-up approach estimate of
2,705 + 504 Mg year '.%* The modeled Hg" wet deposition is
compared with observations in three regions (Figure S11).
Compared to CAM6-Chem/Hg-only, the coupled model im-
proves the simulation of Hg" wet deposition in East Asia
(NMB = —27% vs. —32%, RMSE = 9.9 vs. 15.4 pjg m 2 year '),
whereas its performance degrades in North America when
compared to observations (NMB = —36% vs. —22%, RMSE =
4.2 vs. 3.0 pg m~2 year ). This bias mainly reflects enhanced
HgP dry deposition, which reduces the Hg® available for oxida-
tion. Field evidence shows that vegetation Hg® uptake domi-
nates terrestrial inputs (60%-90%),°" making Hg® a more critical
constraint for land-atmosphere exchange than Hg" wet deposi-
tion. Remaining discrepancies likely stem from incomplete Hg
redox chemistry and missing ocean feedbacks. Additionally,
the coupled model shows higher accuracy in modeling Hg"
wet deposition flux globally compared to the results of Feinberg
et al.,°” which do not account for terrestrial feedbacks associ-
ated with the large increase in Hg® dry deposition. The atmo-
spheric lifetime of TGM against depositions is 6.6 months in
the coupled model, which falls within the range of 4-7 months
estimated in previous studies.®’-%"8?

Compared to atmospheric observations, terrestrial Hg obser-
vations are scarce and have limited geographic coverage,
mainly due to less-established technology and the high spatial
heterogeneity of soils. Here, we use observed Hg concentra-
tions in litterfall and soil to constrain the terrestrial component.
The simulated mean litterfall Hg concentrations (63.8 ng g~ )
are about 20% higher than the observations (Figure S12). The
modeled global total litterfall Hg flux is 1,201.1 +21.7 Mg year ',
which falls within the range of observationally constrained esti-
mates (1,100-1,497 Mg year ") (see Zhou and Obrist® and ref-
erences therein). The modeled Hg concentrations in soil are
evaluated by high-resolution observations in topsoil (upper
20 cm) from the United States and Europe. We find that the
modeled mean topsoil Hg densities (5.8 + 2.2 mg m™2) are
slightly lower than the observations (6.3 + 2.3 mg m™2), with
the discrepancy reduced after excluding contaminated sites
(Figure S13). The model simulates a global total mass of Hg in
the topsoil of 739.1 Gg, which represents about two-thirds of
the total soil Hg pool and falls within the range estimated based
on stable Hg isotopic analyses and geospatial data (1,088 =
379 Gg).*®
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Materials availability
This study did not generate new unique materials.

Data and code availability

The source code of the CESM2 model is available at https://github.com/
ESCOMP/CESM/tree/release-cesm2.1.3. The satellite-based GFED4s fire
product is available at https://www.geo.vu.nl/~gwerf/GFED/GFED4. The
core code of the coupled Hg model is available at the research group website:
https://www.ebmg.online/mercury.
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