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A B S T R A C T

The recognized importance of ambient fine particulate matter (PM2.5), ozone (O3), and nitrogen dioxide (NO2)
on human health has prompted the world to enact increasingly strict regulations on anthropogenic nitrogen
oxides (NOx ) emissions. However, the health concerns from soil NOx , potentially driven by fertilizer input but
conventionally categorized as natural sources, remain less studied. Here, we emphasize the underappreciated
roles of soil NOx emissions on health burden attributable to short-term PM2.5, O3, and NO2 exposure. Globally,
we quantify acute health effects using machine-learning-based daily exposure estimates and identify influences
of soil NOx emissions based on chemical transport model simulations. We find that 72.3% of the globe
is affected by soil NOx emissions, whose contributions to short-term PM2.5, O3, and NO2 pollution lead to
13.9 (95% Confidence Interval [CI]: 9.1–18.8), 26.0 (18.2–34.2), and 13.9 (10.3–17.5) thousand premature
mortality, respectively, in 2019. With distinct variations in regions, seasons, and pollutants, soil NOx -originated
air pollution poses a global health concern, particularly for developing regions and intensively agricultural
areas. In response to the intensive fertilizer use, South Asia, Southern Sub-Saharan Africa, and Central Europe
witness the largest soil NOx -related health burden of up to 1.6 (95% CI: 1.1–2.1) mortality per 100k population.
The overall health risk peaks in May, with O3 pollution typically dominating the soil NOx -attributable health
burden during warm seasons and NO2 or PM2.5 during cold months. Our study highlights the necessity
of dynamically adapted agricultural strategies for health-oriented multi-pollutant control, among which the
improved use of synthetic fertilizers deserves priority under the ever-changing climate.
1. Introduction

Air pollution has a widely recognized impact on human health. The
latest Global Burden of Disease (GBD) 2021 study (GBD 2021 Risk
Factors Collaborators, 2024) identifies fine particulate matter (PM2.5)
pollution as the leading contributor to the global disease burden. The
emerging importance of ozone (O3) and the introduction of nitrogen
dioxide (NO2) as a new risk factor add extra dimensions to the air
pollution picture. Emissions of nitrogen oxides (NOx≡ NO+NO2), the
shared precursors of PM2.5 and O3, originate from both anthropogenic
sources (e.g., fuel combustion from power plants, industrial processes,
and transportation) and natural sources (e.g., soil) (Hudman et al.,
2012; Seinfeld and Pandis, 2016; Hoesly et al., 2018). Despite the influ-
ences from natural nitrogen pool as well as agricultural fertilizer input,

∗ Corresponding author at: School of Environmental Science and Engineering, Southern University of Science and Technology, Shenzhen 518055, China.
E-mail address: zhul3@sustech.edu.cn (L. Zhu).

soil NOx emissions are conventionally not considered in the current
control measures and health management (Zhang et al., 2019). In the
study, we quantify the underappreciated roles of soil NOx emissions on
health concerns by coupling exposure estimates, sensitivity simulations,
and exposure-response functions.

Soil NOx emissions, accounting for ∼15% of global NOx emis-
sions (Weng et al., 2020), is primarily produced by microbial processes
in natural and agricultural ecosystems. These emissions are dynam-
ically controlled by diverse factors, such as soil temperature, water
content, and inorganic nitrogen availability, and can be significantly
altered by agricultural practices. For example, fertilization contributes
up to 58% of July soil NOx emissions in North China Plain (Lu et al.,
2021). While there have been limited long-term variations over the
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recent decades, excessive inputs of nitrogen fertilizer pose adverse
mpacts on air pollution and chronic health burden (Lelieveld et al.,

2015), which are typically categorized as biogenic sources. Source
ttribution studies focusing on agricultural areas have observed soil
Ox -driven increase in O3 concentrations (up to 41.8%) (Sha et al.,

2021; Shen et al., 2023) and extension in O3 exceedance days (up to
3.5%) (Huang et al., 2023) during warm seasons.

In addition to long-term effects, short-term pollution exposure and
ssociated acute health impacts are drawing increasing attention from
he public and policy-makers. However, comprehensive assessments

have been limited by the availability of high-quality air pollution data
on a global and daily basis. Researchers have commonly used ground-
based measurements, satellite retrievals, or chemical transport model
imulations to evaluate PM2.5 and O3 health outcomes (Wang et al.,

2020, 2021c; McDuffie et al., 2021; Li et al., 2023a). The state-of-
the-art extraction and integration of these multiple information using
rtificial intelligence models offers an attractive option to assess expo-
ure risk and health burden, with unique advantages of high accuracy,

fine resolution, and full coverage (Xiao et al., 2021; Wei et al., 2022b,a,
2023b,a).

In this study, we apply daily full-coverage machine learning es-
timates for PM2.5, O3, and NO2 surface concentrations in 2019 and
short-term exposure-response functions to investigate premature mor-
tality. Additionally, we isolate the contribution of soil NOx to health
burden using the GEOS-Chem chemical transport model. Insights from
uch a global perspective are crucial for developing agriculture-relevant
olicies with significant health benefits, which becomes increasingly
mportant as control of anthropogenic sources strengthens and climate
arming intensifies.

2. Data and methods

The soil NOx -related health burden is derived by integrating daily
xposure estimates, short-term exposure health risks, and modeled
ractional impacts. Figure S1 illustrates the overall workflow of the
ethod.

2.1. Daily air pollution exposure

We derive short-term air pollution exposure as 24-h average PM2.5
concentrations, daily maximum 8-h average (MDA8) O3 concentrations,
and 24-h average NO2 concentrations (Wei et al., 2022b,a, 2023a).
These gapless pollutant data are estimated at a 10 × 10 km2 resolu-
ion with artificial intelligence technique combining ground-based in
itu observations, satellite remote sensing products, reanalysis data,
mission inventories, and surface- and population-related datasets. See
ables S1-S3 for details of data sources.

Based on the multi-source data, we adopt a tree-based ensemble-
learning extremely randomized trees (extra-trees) algorithm (Geurts
et al., 2006) for modeling air pollutants, with unique advantages
including stronger randomness and an anti-interference ability (Wei
t al., 2021). Specifically, a 4-dimensional space–time extra-trees (4D-

STET) model is developed by introducing Euclidean spherical space
and triangular spiral time to better describe both the autocorrelations
and differences of individual points in spatial locations and temporal
series. The 4D-STET framework first use assimilation data to fill satellite
aps, e.g., caused by cloudy contaminations, and estimate surface
oncentrations based on input data.

The performance of daily exposure estimates is evaluated with
ample-based ten-fold cross-validation in this work (Figure S2) and
ur previous study focusing on anthropogenic contributions to the
ealth burden of PM2.5 and O3 (Liu et al., 2024). The calculated

surface concentrations are generally in line with ground-based in situ
observations with validated coefficients of determination of 0.93, 0.89,
and 0.84, root-mean-square errors of 8.3, 9.1, and 7.5 μg m−3, and

ean absolute errors of 3.9, 5.8, and 5.1 μg m−3 for PM2.5, O3, and
O , respectively.
2

2 
2.2. Health burden due to short-term pollution exposure

We assess the premature mortality attributed to single-day pollution
xposure (𝑀) with the human health impact function (Lelieveld et al.,

2013; Dedoussi et al., 2020) as:

𝑀 =
𝑦0
365

∑

𝑖
𝑃 𝑜𝑝𝑖[1 − 𝑅𝑅(𝛺𝑖)−1]. (1)

On a GBD regional level, 𝑦0 represents the annual baseline of mor-
tality rate in 2019 (https://vizhub.healthdata.org/gbd-results). 𝑅𝑅(𝛺𝑖)
is a log-linear concentration–response curve (Anenberg et al., 2010)
indicating the relative risk subject to the exposure level 𝛺 in 𝑖 grid. The
single-day mortality is added up into monthly, seasonally, or annual
sums. We apply 𝑅𝑅 for all-cause mortality as 1.0065 (95% Confidence
Interval [CI]: 1.0044–1.0086) for PM2.5, 1.0043 (1.0034–1.0052) for
O3, and 1.0072 (1.0059–1.0085) for NO2 with an increase in pollutant
concentration per 10 μg m−3 following a meta-analysis study focusing
on short-term exposure (Orellano et al., 2020). Theoretical minimum-
isk concentrations range between 2.4 and 5.9 μg m−3 for NO2, 29.1
nd 35.7 ppb for O3, and 4.6 and 6.2 ppb for NO2 according to the
BD 2021 study (GBD 2021 Risk Factors Collaborators, 2024). The

population (𝑃 𝑜𝑝) is from Gridded Population of the World (GPW) v4
(http://sedac.ciesin.columbia.edu/data/collection/gpw-v4).

We propagate the uncertainty in the input to the mortality estimates
ith the Monte Carlo simulations (Giani et al., 2020; Xiao et al.,

2021). The base mortality rates and exposure-response functions with
5% CI are simulated using normal distributions. The uncertainties of
he theoretical minimum-risk concentrations are simulated by uniform
istribution according to the reported ranges. The uncertainties of
he exposure estimates are modeled with normal distributions using
he standard errors from the cross-validation assessments (i.e., 0.024,
.013, and 0.017 μg m−3 for PM2.5, O3, and NO2, respectively). We
onduct 2000 independent Monte Carlo simulations by sampling from
he above distributions and calculate the mortality values based on
q. (1). The central estimate is therefore the mean of the 2000 mortality

estimates, and the 95% CI is calculated from the empirical distribution.
Compared to the traditional 95% CI computed only with uncertainties
of the concentration–response functions, our total health burden is
wider of 40.9, 92.9, and 41.3 thousand mortality for PM2.5, O3, and
NO2, respectively (Figure S3).

2.3. Global air quality modeling

The fractional sector impacts from soil and anthropogenic NOx
emissions are derived from perturbation simulations using the GEOS-
Chem chemical transport model (http://www.geos-chem.org). The
model is equipped with detailed O3-NOx -VOC-halogen-aerosol chem-
istry (version 12.9.3) and driven by assimilated meteorological data
from the Modern-Era Retrospective Analysis for Research and Applica-
ions, Version 2 (MERRA2) (Gelaro et al., 2017). The global simulations

are configured at a resolution of 2◦ × 2.5◦ with a spin-up time of 1 year.
missions are computed with the Harmonized Emissions Component
HEMCO) (Keller et al., 2014). Anthropogenic emissions for 2019 are

from the Community Emissions Data System (CEDS) inventory (Hoesly
et al., 2018), covering sectors of transportation, energy, ships, residen-
ial, industrial, solvents, and waste. Biogenic emissions are calculated
nline using the Model of Emissions of Gases and Aerosols from Nature
MEGAN) version 2.1 (Guenther et al., 2012). Biomass burning emis-
ions are from the fourth-generation Global Fire Emissions Database
GFED4) (Giglio et al., 2013).

Soil NOx emissions in GEOS-Chem are estimated using the Berkeley
Dalhousie Soil NOx Parameterization (BDSNP) scheme (Hudman et al.,
2012). This scheme considers available soil nitrogen content (from
the natural pool, fertilizer application, and nitrogen deposition), soil
temperature and moisture dependences, and pulsed soil emissions from
wetting of dry soils. Fertilizer applications are obtained from a spatially

https://vizhub.healthdata.org/gbd-results
http://sedac.ciesin.columbia.edu/data/collection/gpw-v4
http://www.geos-chem.org
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explicit synthetic fertilizer and manure application inventory based
n year 2000 conditions (Potter et al., 2010). According to a newly

public dataset (Adalibieke et al., 2023), we show in Figure S4 that the
synthetic fertilizer and manure use in the base year of 2000 is similar
to that in 2019 for major consumers, such as East Asia (30.0 compared
with 33.6 Tg N) and High Income North America (16.8 compared with
19.0 Tg N). However, our simulations may locally underestimate soil
NOx emissions due to lower fertilizer application in 2000 for India (by
−29.6%) and smaller consumers (by up to −38.3%), such as Tropical
Latin America and Eastern Europe.

GEOS-Chem simulations with similar configurations effectively cap-
ure patterns for air pollutants, with biases generally less than 50%
hen evaluated against extensive space-, aircraft-, and ground-based
bservations (Boersma et al., 2009; Zhu et al., 2016; David et al., 2019;

Liu et al., 2023). Figure S5 and Liu et al. (2024) demonstrate that
our GEOS-Chem simulations align with in situ observations, showing
correlation coefficients of 0.75, 0.77, and 0.59 and relative mean biases
of 30.4, 38.7, and −18.6% for PM2.5, O3, and NO2, respectively. These
biases are potentially related to the uncertainties in anthropogenic and
natural emissions, as well as representations of meteorological fields or
chemical processes (Fritz et al., 2022). In terms of soil NOx emissions,
he widely used BDSNP produces comparable results with regional top-
own constraints (Huber et al., 2020) and field measurements (Lu

et al., 2021) but with room for improvements in representing emission
coefficient (Sha et al., 2021), temperature (Wang et al., 2021b), and

oisture (Huber et al., 2023).

2.4. Fractional sector impacts

Based on the zeroing-out method, we calculate the fractional im-
acts (𝐹 𝑟𝑎𝑐) as the relative differences between a base simulation (with
tandard anthropogenic and natural NOx emissions) and sensitivity
imulations (with individual source sectors excluded):

𝐹 𝑟𝑎𝑐 = 𝐶𝑏𝑎𝑠𝑒 − 𝐶𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

𝐶𝑏𝑎𝑠𝑒
, (2)

where 𝐶 indicates the modeled PM2.5, O3, or NO2 concentration. On
op of those fractional impacts, population-weighted fractional source
mpacts (𝐹𝑠𝑜𝑢𝑟𝑐 𝑒) are quantified as:

𝐹𝑠𝑜𝑢𝑟𝑐 𝑒 =
∑

𝑖 𝐹 𝑟𝑎𝑐𝑖 ×𝛺𝑖 × 𝑃 𝑜𝑝𝑖
∑

𝑖 𝑃 𝑜𝑝𝑖
∕
∑

𝑖 𝛺𝑖 × 𝑃 𝑜𝑝𝑖
∑

𝑖 𝑃 𝑜𝑝𝑖
, (3)

with 𝛺𝑖 indicating the machine-learning-derived PM2.5, O3, or NO2
oncentration in 𝑖 grid. The calculated fractional source impacts

(𝐹𝑠𝑜𝑢𝑟𝑐 𝑒) are applied to the health burden (𝑀) in Eq. (1) to quantify
source impacts from soil and anthropogenic NOx emissions.

3. Results and discussion

3.1. Soil NOx contributions to acute health burden

The estimated global soil NOx emissions are 14.5 Tg N in 2019
(Figure S6), comparable to previous bottom-up and top-down studies in
the range of 6.2–16.8 Tg N (Stavrakou et al., 2008; Vinken et al., 2014;
Heald and Geddes, 2016; Miyazaki et al., 2017; Weng et al., 2020).
Globally, 72.3% of the continent is affected by soil NOx emissions, with
t least one month of soil NOx contributions to NO2 concentrations

higher than 30% following Vinken et al. (2014). This impact is par-
icularly pronounced in regions with intensive agricultural activities,
uch as the Indo-Gangetic Plain and North China Plain (Fig. 1a, c, e). In
oil NOx -affected regions, 89.4, 81.8, and 4.4% of the area experience
ith pollution day(s) exceeding the World Health Organization (WHO)
aily guidelines for PM2.5, O3, and NO2 (15, 100, and 25 μg m−3),

respectively (Figure S7). When using the WHO theoretical minimum-
risk concentrations without adverse health outcomes as references (see
ection 2.2), these percentages increase to 100.0, 90.8 and 33.5%.
 T

3 
In Fig. 1a, c, e, elevated concentrations of PM2.5 (up to 105.6 ug m−3

annually and 631.3 ug m−3 daily) are primarily attributed to intense
egional or local sources, such as biomass burning, mineral dust, fuel

combustion, along with fertilizer application (McDuffie et al., 2021). In
comparison, NO2 levels are more sensitive to local emissions and less
prone to long-range transport owing to its short atmospheric lifetime
(hours near the surface), resulting in high concentrations (up to 64.5
ug m−3 annually and 159.0 μg m−3 daily), particularly over populated
rea. On the contrary, O3 pollution (up to 141.4 μg m−3 annually and
10.1 μg m−3 daily) exhibits more complex and widespread influences,
ue to its non-linear responses to meteorological conditions and precur-
or emissions (Lyu et al., 2023). Overall, for polluted places affected

by soil NOx emissions, the population-weighted average numbers of
pollution days exceeding WHO daily guidelines stand at 134, 73, and
17 days, for PM2.5, O3, and NO2, respectively, and rise to 204, 139,
and 99 days considering theoretical minimum-risk concentrations.

In response to the relatively high pollution concentrations and
frequent pollution exceedance, Asia and Africa witness the largest mor-
tality rate in health burden (Fig. 2a), particularly from PM2.5 pollution.
For instance, South Asia exhibits 18.2 (95% CI: 12.2–24.3) mortality
per 100k population, East Asia 15.8 (10.4–21.5), and Western Sub-
Saharan Africa 15.5 (10.1–20.1). PM2.5 also strongly affects Europe
and Latin America (reaching up to 7.5 [95% CI: 4.6–10.7] mortality
per 100k population in Central Europe), where NO2-related health
outcomes are evident as well (up to 4.0 [3.4–4.7] mortality per 100k
population in Southern Latin America). In addition to PM2.5 and NO2,
O3 pollution adds significant challenges for high-income regions, such
as High Income Asia Pacific of 15.5 (95% CI: 12.6–18.7) mortality
per 100k population, Western Europe 7.8 (5.2–11.2), and High Income
North America 6.6 (4.6–8.9).

Soil NOx emissions contribute 1.3 ± 1.1, 6.3 ± 5.1, and 10.0 ± 8.1%
on average to the global health burden attributable to short-term PM2.5,

3, and NO2 exposure, respectively (Figure S8), depending on the
ocation and intensity of agricultural activities. South Asia tops the list
f the soil NOx -related mortality rates, with strong influences from all
hree pollutants (Fig. 1b,d,f and Fig. 2b), namely 0.60 (95% CI: 0.41–

0.81) mortality per 100k population for PM2.5, 0.63 (0.46–0.81) for O3,
and 0.34 [0.24–0.44] for NO2. In other regions, the health concerns
related to soil NOx emissions are predominantly associated with O3
pollution, with mortality rates reaching up to 0.68 (95% CI: 0.44–0.97)
per 100k population in Western Sub-Saharan Africa. This is followed
by NO2-related impacts, with mortality rates up to 0.28 (95% CI: 0.23–
0.33) in Southern Latin America, and PM2.5-related impacts, up to 0.20
(0.13–0.27) in East Asia.

3.2. Seasonal variations of soil NOx -related health burden

In absolute terms, soil NOx contributions to short-term PM2.5, O3,
nd NO2 pollution lead to 13.9 (95% CI: 9.1–18.8), 26.0 (18.2–34.2),
nd 13.9 (10.3–17.5) thousand mortality, respectively, 2019. The over-
ll health risk peaks in May, a typical sowing and growing period in
he Northern Hemisphere, but shows distinct variations across regions,
easons, and pollutants (Fig. 3). Taking South Asia, which accounts

for 45.3% of global soil NOx attributable mortality, as an example,
O3 poses the most urgent threat to soil NOx -related health concerns
during warm seasons from March to August, with mortality reaching
up to 2.1 (95% CI: 1.5–2.7) thousand per month. In contrast, PM2.5
attributable mortality is prominent during cold months from September
to February, up to 1.4 (95% CI: 0.94–1.8) thousand mortality per
month.

A similar dominant role of O3 pollution is detected in East Asia dur-
ng summer, whereas NO2-related health effects become the most pro-
ounced in the cold months. More complexly, in May, a co-pollutant-
riven health concern is noticed, with mortality of 459 (95% CI:
98-625) for PM2.5, 468 (339–603) for O3, and 520 (406–634) for NO2.
he abovementioned seasonal variations in South Asia and East Asia,
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Fig. 1. Mean values of daily PM2.5, daily maximum 8-h average (MDA8) O3, and daily NO2 concentrations and acute mortality rates contributed by soil NOx emissions in 2019.
Concentrations with low influences from soil NOx (fractions of soil NOx emissions to NO2 concentrations lower than 30% for all months) (Vinken et al., 2014) are not shown.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Region-level health burden related to short-term exposure of PM2.5, O3, and NO2 in 2019 and contributions of soil NOx emissions. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Monthly variations of soil NOx contributions to the acute health burden of PM2.5, O3, and NO2. Results are only shown for regions with maximum monthly mortality
larger than 10. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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influenced by the combined effects of health burden (Figure S9) and
oil NOx contributions (Figure S8), differ from the patterns of pollution
oncentrations or soil NOx emissions reported in other studies (Shen

et al., 2022; Ding et al., 2022). This underscores the complexity of
ealth management and the necessity of source attribution.

Looking beyond South Asia and East Asia, soil NOx -contributed O3
ollution broadly concerns public health during growing seasons and
arm months, with region-dependent peaks of up to 603 (95% CI:
06-810) mortality per month. These peaks occur at different times,

for instance, March in Eastern Sub-Saharan Africa, April in West Sub-
aharan Africa, May in Central Latin America, June in Eastern Europe,

July in Western Europe, and August in High Income North America.
During cold months, although soil NOx contributions are typically less
than 15% (Figure S8), the health burden from short-term NO2 exposure
remains significant, with regional mortality of up to 142 (95% CI:
113-172) per month, particularly evident in Central Asia, High Income
North America, Central Latin America, North Africa/Middle East, and
across Europe.

Despite our focus on the soil NOx influences, it is important to high-
ight the significant health burden attributable to short-term PM2.5 ex-

posure from all sources, which amounts to 716.2 (95% CI: 466.7–973.1)
thousand mortality globally. This burden is considerably higher com-
pared to O3 (500.3 [95% CI: 352.5–654.7] thousand) and NO2 (198.2
[155.8–541.2] thousand), especially during winter (Figure S9). The
emaining agriculture-originated PM2.5 sources include direct emissions
rom agricultural waste burning (Lan et al., 2022) and secondary forma-
ion from ammonia, another prevalent atmospheric pollutant released
rom fertilizer use (Pozzer et al., 2017).

3.3. Correlation between soil and anthropogenic sources

The management of pollution attributable health outcomes is com-
plicated by the correlation and interaction effects between soil and
nthropogenic sources. In Fig. 4, the comparison between daily mor-
ality caused by soil and anthropogenic NOx emissions reveals broadly
egative (and occasionally insignificant) correlations for regions ex-
osed to NO2 pollution in cold seasons, such as High Income North
merica and Europe with values ranging between −0.79 and −0.95.
onversely, correlations are positive (or insignificant) for regions with
M2.5-associated health risks, such as East Asia (0.63) and South Asia
0.15), as confirmed by the temporal variations of soil and anthro-

pogenic source fractions in Figures S8 and S10.
With an increased heterogeneity, O3 is generally linked with pos-

itive correlations in warm months reaching up to 0.85 over middle
to high latitudes (e.g., East Asia, Western Europe, and High Income

orth America) and negative values of up to −0.82 over low latitudes
e.g., Western Sub-Saharan Africa). Differences in (anti-)correlations
ighlight the temporal and spatial dynamics of local NOx sources
nd their relative significance in the context of health management.
otably, the positive correlations can be biased, as our zeroing-out
ethod quantifies the actual impact of sources on health burden,

ncluding pure influence and the non-linear interaction with all other
ources (Li et al., 2018). Such analysis of responses and correlations
ill be further benefited from sensitivity simulations with each source
erturbed (instead of turned off).

In light of policy planning, the importance of soil NOx emissions is
particularly distinct for regions where anthropogenic and soil sources
are negatively correlated and well separated spatially or temporally.
These regions warrant a dynamically targeted control strategy to prior-
itize limited resources for effective actions. Meanwhile, a synergistic
control strategy for positively correlated regions is needed to incor-
porate the intrinsic linkage and interactions between anthropogenic
and soil sources. In particular, the recognized emission control penalty
effect in the presence of large soil NOx emissions necessitates a more
stringent reduction of anthropogenic emissions to achieve the O3 con-
trol targets (Lu et al., 2021). Regardless of the correlation type, im-
rovements in fertilizer use present potential research and regulation

directions.
6 
3.4. Fertilizer improvement for emission control and health management

As fertilizer usage and soil emissions are expected to increase under
the ever-warming climate (Xu et al., 2024; Quan et al., 2024), and given
that large-scale climatic conditions are comparatively difficult to alter
in practice, the priority to alleviate health risks of soil NOx -originated
pollution lies in the sustainable application of nitrogen (N) fertilizers.
n Fig. 5, synthetic N fertilizers with surface placement are intensively
pplied globally in 2019, with the widely used urea standing out as

the top place (average application rate of 430.5 ± 241.7 kg N ha−1),
followed by N-P-K compound fertilizer (148.9 ± 231.2 kg N ha−1) and
ammonium nitrate fertilizer (100.4 ± 121.4 kg N ha−1). The intensive
use of fertilizers is typically accompanied by high soil NOx -related
health concerns, especially for developing regions or agriculturally
intensive areas.

Ammonium nitrate fertilizer, which typically results in significant
increases in soil NOx emissions (59% compared to 40% for urea and
20% for organic fertilizers) (Liu et al., 2017), is primarily used in Eu-
rope, with application rates of up to 363.6 kg N ha−1 in Central Europe.
Meanwhile, populated Asia is characterized by the most intensive use
of compound fertilizers (up to 975.1 kg N ha−1 for N-P-K compound in
East Asia), particularly with surface placement that potentially leads to
an imbalance between fertilizer supply and crop demand.

In contrast, a deep use (a fertilizer application method with a high
use efficiency) (Zhu et al., 2024) of liquid fertilizers (a fertilizer type

rich in N content) (Pan et al., 2022) is predominantly observed in Eu-
rope and the Americas, with application rates of up to 340.6 kg N ha−1

or N solutions and 311.9 kg N ha−1 for anhydrous ammonia in High In-
ome North America. This fertilizer use presents an attractive measure
o address global air pollution and health concerns. Such improvements
n agricultural management are urgently needed, as existing cropland
s projected to intensify with the growing population and increasing
ood demand (Bodirsky et al., 2014). Consequently, the application
ate of synthetic N fertilizers is expected to rise, exacerbating soil NOx
missions (Yao et al., 2017).

Despite the variable fertilizer requirements for different crop types,
soil characteristics, yield expectations, and meteorological or climatic
factors, there exist several potential management practices to realize
roper fertilization application and increased N use efficiency (Pan

et al., 2022), such as improving N application method (e.g., deep
lacement instead of surface placement for urea) (Hou et al., 2010),
hanging N formulation (e.g., liquid or suspension formulation instead
f granulation for N-P-K compound) (Yahaya et al., 2023), substituting
ynthetic N fertilizer with (bio-)organic fertilizers (Geng et al., 2021),
pplying slow- or controlled-release fertilizers (Cheng et al., 2002) and

nitrification inhibitors (Wang et al., 2021a), and innovating farmland
techniques (e.g., adjusted fertilizer rate to meet plant demand) (Yadav
et al., 2017).

Encouragingly, integrating the aforementioned practices to mitigate
soil NOx emissions from agricultural activities is gaining more atten-
tion. For instance, the EU’s Farm to Fork strategy includes fertilizer-
related targets of decreasing nutrient loss by 50%, reducing fertilizer
use by 20%, and increasing the share of organic farming by 25% by
2030 (European Commission, 2020). Similar strategies and goals have
also been proposed by policy-makers worldwide, such as the Technical
Guidelines for Green Agricultural Development (2018–2030) in China
nd the Green-Ag project in India. Additional quantitative insights

regarding soil NOx emissions and health burden can be gained from
perturbation simulations with updated chemical fertilizer application
inventory in BDSNP. Nevertheless, our qualitative analysis should not
downplay the significance of findings in terms of policy implications.

Farmland management measures are crucial for developing regions
or agricultural areas experiencing significant health risks, such as South
Asia, Southern Sub-Sahara Africa, and Central Europe. These regions
rank among the highest for soil NOx -related health burden with up
to 1.6 (95% CI: 1.1–2.1) mortality per 100k population and rely
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Fig. 4. Correlation coefficients between daily percentage contributions of soil and anthropogenic NOx emissions to the acute health burden of PM2.5, O3, and NO2 in March to
August (warm seasons in the Northern Hemisphere) and September to February (cold seasons in the Northern Hemisphere). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
Fig. 5. Average cropland application rate of synthetic nitrogen (N) fertilizers in 2019, including urea, nitrate fertilizers, compound fertilizers, liquid fertilizers, and other synthetic
fertilizers. Nitrate fertilizers include ammonium nitrate (AN) and calcium ammonium nitrate (CAN). Compound fertilizers include ammonium phosphate (AP), N-K compounds
(NK), N-P-K compounds (NPK), and other NP (ONP). Liquid fertilizers include anhydrous ammonia (AA) and N solutions (NS). Other synthetic fertilizers include other N
straight (ONS) and ammonium sulphate (AS). Soil NOx -related health burden (sum of values for PM2.5, O3, and NO2 exposure) is also shown. Fertilizer data are taken from
https://doi.org/10.11888/Terre.tpdc.300446. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
substantially on synthetic N fertilizers, including urea (up to 28.9%
of all N fertilizer types), nitrate (29.3%), and compound (26.2%)
fertilizers (Fig. 5). Seasonally, farmland management measures shall
be implemented not only during growing and warm seasons to mitigate
O -related health risks but also during cold months for regions where
3

7 
NO2 or PM2.5 exposure poses major health concerns. Particularly in
areas with considerable all-sourced PM2.5 attributable health burden,
such as Asia and Africa, coordinated fertilizer improvements are needed
to achieve balanced emission reductions of NOx and ammonia (Pan
et al., 2022).

https://doi.org/10.11888/Terre.tpdc.300446
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4. Conclusions

In this study, we analyze sectoral impacts from soil NOx emissions
on PM2.5-, O3-, and NO2-attributable health burden by integrating
machine-leaning-based daily exposure estimates, GEOS-Chem model
ensitivity simulations, and short-term exposure-response functions. In

2019, 72.3% of the globe is affected by soil NOx emissions, whose
ontributions to short-term PM2.5, O3, and NO2 pollution result in 13.9

(95% CI: 9.1–18.8), 26.0 (18.2–34.2), and 13.9 (10.3–17.5) thousand
premature mortality, respectively. Soil NOx -originated air pollution
poses a global health concern, with distinct variations in regions,
seasons, and pollutants. Regionally, South Asia, Southern Sub-Saharan
Africa, and Central Europe with intensive fertilizer use witness the
largest soil NOx -related health burden of up to 1.6 (95% CI: 1.1–
2.1) mortality per 100k population. Seasonally, the overall health risk
peaks in May, with O3 pollution typically dominating the soil NOx -
attributable health burden during warm seasons and NO2 or PM2.5
during cold months.

This work emphasizes the region- and season-dependent importance
f soil NOx for emission control and health benefits, particularly for de-
eloping regions and intensively agricultural areas, which will become
ncreasingly prominent under effective regulation of combustion emis-
ions. Such insights from a global perspective are crucial to customize
trategic policies with the greatest public health benefits. In light of pol-
cy making, farmland management measures to realize proper synthetic
ertilizer application and increased N use efficiency offer achievable
olutions to alleviate health risks of soil NOx -originated pollution.
hese agricultural policies can be additionally complicated by the
anti-)correlations between soil and anthropogenic sources, requiring a
targeted) synergistic control strategy under the ever-changing climate.
n the future, the potential health benefits achievable from fertilizer im-
rovements will be estimated using updated knowledge of soil nitrogen
ontent, and the intrinsic links and trade-off practices among fertilizer
mprovement, economic cost, food production, O3 formation regime,
nd meteorological and climate change still require further analysis.

Uncertainties remain in our conclusions upon the integration of
exposure estimates, model simulations, and health risks. First, the
zeroing-out method considers both the pure contributions of soil NOx
lone and interactional effects with all other sectors, particularly for
3, due to the non-linear compensating effects among different sources

Li et al., 2018; Lu et al., 2021). Such method, focusing on impacts
(source sensitivities), can be combined with the tagging approach,
focusing on contributions (source apportionments), to reveal how the
contribution of sectoral sources to pollutant changes in response to

itigation measures (Butler et al., 2020; Gao et al., 2020; Li et al.,
2023b). Second, our region-scale analysis may be limited by the spatial
resolution of GEOS-Chem simulations (Weng et al., 2020), and future
ountry- or city-scale studies will benefit from high-resolution nested
imulations. Third, our estimates of health burden are expected to
e higher than previous regional studies (by 1.8 times) (Xiao et al.,

2021; Wang et al., 2021c), due to the use of relatively strict theoretical
minimum-risk concentrations and high relative risk. For local emission
control and health management, such global-friendly parameters can
be improved with age-, source-, and country-specific epidemiologic
studies (Chen et al., 2017; Yin et al., 2017; Nan et al., 2023).
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