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Abstract

Soils represent a significant natural source of nitric oxide (NO), a precursor of nitrogen oxides
(NOx) that play an essential role in atmospheric chemistry and radiative forcing. However, his-
torical estimates of global soil NOx emissions have been constrained by limited long-term nitro-
gen input datasets and methodological gaps in process representation. In this study, we present the
first century-scale simulation of global soil NOx emissions (1850-2020) using the biogeochem-
ical model VISIT (The Vegetation Integrative SImulator for Trace gases), coupled with the newly
developed History of anthropogenic Nitrogen inputs dataset of harmonized anthropogenic nitro-
gen inputs. Our results reveal that total global soil NOx emissions increased gradually from an
average of 22.1 Tg N yr~! prior to 1900 to 25.3 TgNyr~! in the 2010s, with emissions above the
canopy ranging from 12.2 to 13.6 Tg N yr~!. Notably, while soil NOx emissions from natural eco-
systems showed a marginal decline, the contribution of agricultural soils experienced a more than
fourfold increase to global NOx emissions, driven primarily by fertilizer and manure application
since the mid-20th century. This led to a more than fourfold increase in the share of agricultural
land in global soil NOx emissions, rising from 7.8% to 31.3%. Regional analysis indicates substan-
tial increases in Europe, Asia, and North America, with soil NOx emissions becoming a domin-
ant source in sparsely populated and arid regions. These findings underscore the growing import-
ance of soil-derived NOx in the global nitrogen budget and its implications for future air quality
and climate mitigation strategies. This work provides a robust basis for refining emission invent-
ories and supports the development of region-specific nitrogen management to mitigate uninten-
ded NOx emissions from soils. On the other hand, benchmarking against the results in Nitrogen
Model Inter-comparison Project (NMIP2) revealed significant divergence in global soil NOx emis-
sions between models, with the VISIT estimates on the higher end, highlighting the urgent need
for improved process representation and observational constraints.

© 2026 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

Soils are a significant natural source of nitric oxide
(NO), a precursor of nitrogen oxides (NOx), which
contribute to tropospheric ozone (O3) formation and
influence the atmosphere’s overall oxidizing capa-
city (Davidson and Kingerlee 1997). Globally, soil
emissions account for approximately 15% of total
NOx emissions, positioning them as a major com-
ponent of the atmospheric nitrogen budget along-
side fossil fuel combustion (Steinkamp and Lawrence
2011, Miyazaki et al 2017). The Intergovernmental
Panel on Climate Change underscores the necessity of
reducing short-lived climate forcers, including NOx,
to mitigate climate change impacts (Szopa et al 2021).

While fossil fuel-derived NOx emissions have
shown a declining trend due to air pollution mit-
igation strategies in some regions (e.g. Christiansen
et al 2024, Chatani et al 2025), the relative import-
ance of soil-derived NOx is expected to increase
(Song et al 2021). This shift is further driven by
the continued rise in nitrogen fertilizer application
since the Industrial Revolution (Tian et al 2022).
Understanding the balance of reactive nitrogen in
the atmosphere—including NOx fluxes—is critical
not only for evaluating radiative forcing but also
for guiding effective climate mitigation strategies
(Gong et al 2024).

In rural and agricultural regions, soil NOx emis-
sions can dominate local NOx budgets, particularly
under specific seasonal or management conditions
(Oikawa et al 2015, Almaraz et al 2018, Sha et al
2021, Skiba et al 2021). These emissions enhance
surface Oj levels, which pose substantial risks to
vegetation, including yield reductions in crops and
impaired forest productivity (e.g. Gregg et al 2003,
Feng et al 2008). Elevated Os levels disrupt pho-
tosynthesis, reduce chlorophyll concentration, and
accelerate leaf senescence, ultimately impairing agri-
cultural productivity (Ainsworth and Long 2005).
Consequently, regulating soil NOx emissions is essen-
tial to safeguarding ecosystem health and food secur-
ity. However, in real atmospheric environments, the
relationship between NOx and ground-level Os is
complex, and it is important to note that, under volat-
ile organic carbon-limited (NOx-saturated) regimes,
reducing NOx emissions may paradoxically lead to
increases in O3 concentrations through reduced titra-
tion of O3 by NO and altered photochemical balance
(Atkinson 2000).

NO production in soils arises from complex inter-
actions of biotic and abiotic processes, mainly micro-
bial nitrification and denitrification. Nitrification
aerobically oxidizes ammonium (NH]) to nitrate
(NO3 ), while denitrification anaerobically reduces
NO; to nitrogen gas (N), with NO as a key
intermediate (Pilegaard 2013). These processes are
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modulated by environmental factors including nitro-
gen availability, soil moisture, temperature, oxy-
gen concentration, pH, and organic matter con-
tent (Nishina et al 2009, 2012, Pilegaard 2013). For
example, in a study by Steinkamp and Lawrence
(2011), differences in estimation methods resulted
in widely varying estimates of global annual soil
NOx emissions, ranging from 10 to 33 TgNyr~!
(Steinkamp and Lawrence 2011), a large and signific-
ant magnitude relative to the uncertainties associated
with global N, O emission estimates (Tian et al 2020).

Understanding long-term changes in soil NOx
emissions is essential for assessing the impacts of
nitrogen enrichment on atmospheric chemistry and
ecosystem processes. Previous global estimates, how-
ever, have been largely limited to short-term win-
dows (e.g. Yienger and Levy 1995), primarily due
to the lack of harmonized nitrogen input data over
historical time sequences. This has constrained our
ability not only to examine long-term trends accom-
panied with land-use change but also to account for
the spatial and seasonal heterogeneity in soil NOx
fluxes, which are increasingly recognized as critical
factors influencing radiative forcing and tropospheric
chemistry. For example, Derwent et al (2008) demon-
strated that the climate impacts of surface NOx emis-
sions vary substantially by region and season due to
nonlinear interactions with methane and ozone, res-
ulting in radiative forcing effects that differ markedly
across emission scenarios. These findings underscore
the need to resolve both the temporal evolution and
spatial diversity of soil NOx emissions when evalu-
ating their cumulative climate effects. In this study,
we leverage the newly developed History of anthro-
pogenic Nitrogen inputs (HaNi) dataset (Tian et al
2022), which provides consistent, high-resolution
nitrogen input estimates from preindustrial era to the
present. By coupling HaNi with historical land-use
and climate data, we present—for the first time—
a century-scale simulation of global soil NOx emis-
sions. This framework enables a more robust under-
standing of the long-term atmospheric and ecological
consequences of reactive nitrogen dynamics.

To advance understanding of the long-term
contribution of soil NOx emissions, we incor-
porated an established soil NOx emission scheme
(Parton et al 2001) into the global terrestrial biogeo-
chemical model VISIT (The Vegetation Integrative
SImulator for Trace gases) (Ito and Inatomi 2011).
Biogeochemical models are superior to empirical
models in handling the temporal changes in nitro-
gen cycles containing carbon within ecosystems with
time evolution (e.g. seasonal and long-term changes
in biomass or land-use changes). Our study provides
historical estimates of global soil NOx emissions
from 1850 to 2020 and evaluates their associated
uncertainties using results and inventories from the
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2nd Global Nitrogen/N,O Model Intercomparison
Project (NMIP). This integrative approach enables
a comprehensive assessment of both the significance
and challenges of soil NOx emissions.

2. Materials and methods

2.1. Model description: VISIT

VISIT is a process-based terrestrial ecosystem model
developed for the trace gas emissions at the global
scale (Ito and Inatomi 2011, Ito 2018, 2019). VISIT
simulates carbon, nitrogen, and water cycles within
terrestrial ecosystems, focusing on trace gas exchange
between the atmosphere and the biosphere. It oper-
ates globally with a spatial resolution of 0.5° x 0.5°,
using inputs such as climate variables, atmospheric
CO; concentrations, N deposition, and land-use data
to simulate ecosystem processes. For cropland, N
fertilizer and manure application rates are used as
input data. The model has been validated extens-
ively across various scales, demonstrating its capabil-
ity to represent ecosystem functions. Previous studies
using VISIT have evaluated greenhouse gas exchanges
including CO,, CHy, and N,O, providing insights
into the impacts of environmental change on these
fluxes (Ito 2018, 2019).

The original VISIT model has not been incor-
porated into the soil NOx emission scheme. Because
the N,O process in the VISIT model is based on
the DAYCENT model (Parton et al 1996), we newly
incorporated the scheme for soil NOx emissions
for DAYCENT model (Parton et al 2001). This
scheme simulates soil NO fluxes from nitrification
and denitrification as functions of soil moisture,
temperature, nitrogen availability, and gas diffusivity
(Parton et al 2001).

N,O emissions derived from nitrification
(fN2Opi) and denitrification (fN,Ogq.,) processes
in the VISIT model are formulated using the follow-
ing equations:

fN2Oyic = frie (WEPS) - fiie (PH)
- fuit (temp) (Kinax + Fmax - NH{), (1)

fN2O¢en =
faen (WFPS) - min [fgen (NNo, ) 5 fden (HR)]

- (@)
1.0 + Ry, /n,0

In equation (1), fuit(WFPS), fuie(pH), and fy(temp)
represent the dependency of nitrification rates
on water-filled pore space (WFPS), soil pH, and
temperature, respectively. The combined poten-
tial of N,O production from nitrification is fur-
ther determined by a base turnover coefficient
(Kmax) and an ammonium-dependent flux term
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(Fmax - NHy), where NHI represents the concentra-
tion of ammonium in the soil.

The response function for the denitrifica-
tion process to WFPS is indicated by fye,(WEPS)
(equation (2)). The substrate limitation is determined
by the minimum of two functions, fyen(Nyno3) and
faen(HR), where the former accounts for the effect of
nitrate availability and the latter reflects the influence
of heterotrophic respiration as a proxy for carbon
substrate supply. The entire expression is divided by
1.0 + Ry, /N,0, Where Ry, /x,0 is the ratio of molecu-
lar nitrogen (N;) to nitrous oxide (N,O) among the
denitrification products.

Based on the N,O emissions, NOx emission rates
are estimated by the NO:N, O ratio defined by the fol-
lowing equation (Parton et al 2001):

Ruo = 15.2 4+ (35.5arctan (0.687 (10D/Dy — 1.86)))7

(3)

where Ryo is the ratio of NO to N, O fluxes and D/ D,
is the soil gas diffusivity. Furthermore, the relation-
ship between soil moisture content and D/Dy varies
with soil texture (from sandy loam to clay loam), as
described in Parton et al (2001). Sandy loam exhib-
its a higher D/Dy for the same moisture content
than other soil textures. Since the VISIT model is
a monthly calculation step, the function related to
a spike in NO emissions in denitrification induced
by heavy rainfall on dry soil in the original model
(Parton et al 2001) has been omitted. Therefore,
soil NO emissions in the VISIT model are defined
as follow:

fNOsoil = RNO * (fNZOnit +fNZOden) . (4)

As described above, only NO is directly emitted
from the soil; however, once released into the atmo-
sphere, NO is rapidly oxidized to NO, (Atkinson
et al 2004), meaning that the flux from the canopy
includes both NO and NO,. Therefore, in this study,
both NO emissions from the soil surface and the eco-
system (above canopy) are also expressed collectively
as NOx (NO and NO,) emissions.

Vegetation canopies substantially attenuate NO
emitted from the soil before it reaches the atmo-
sphere. Various physical and chemical processes
within the canopy, such as oxidation to nitrogen
dioxide (NO;), deposition onto leaf surfaces, dis-
solution in atmospheric moisture, and photochem-
ical decomposition, significantly reduce the amount
of NO transported to the atmosphere (Jacob et al
1995, Ganzeveld et al 2002). Empirical studies indic-
ate that canopy uptake can greatly diminish soil-
emitted NO fluxes, resulting in lower NOx con-
centrations observed above the canopy than the
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fluxes directly measured at the soil surface (Jacob
et al 1995). Incorporating such canopy-reduction
effects into atmospheric models enhances the accur-
acy of predicting atmospheric NOx concentrations
and improves our understanding of nitrogen cycling
within terrestrial ecosystems (Ganzeveld et al 2002,
Yan et al 2005). Therefore, we have introduced the
canopy reduction factor (CRF) to estimate above-
canopy NO flux (NOcpy) according to Yienger and
Levy (1995). CRF is defined as follows:

—kSAL | ,—k
crRp= & e )
2

where SAI and LAI are stomatal area index and leaf
area index, respectively, and k; and k, are constants,
which values used in this study were 8.75 and 0.24,
respectively, according to Yienger and Levy (1995).
LAI were calculated endogenously in VISIT using
the plant biomass scheme in the model. SAI in each
vegetation type was obtained from Yienger and Levy
(1995). Each SAI value corresponds to the vegetation
type described in the Olson biome types implemen-
ted in VISIT and ranged from 0.010 to 0.120

FNOenpy = fNOyoi X CRE, (6)

where fNO,p, indicates ecosystem NOx emissions,
which are the NOx emissions from the canopy surface
after the attenuation by canopy reduction.

Note that NO absorbed by the forest canopy (i.e.
NO X (1 — CRF)) is returned back to the soil as inor-
ganic nitrogen by rainfall and litter-fall in the VISIT
model.

2.2. Simulation settings

The simulation settings in this study is according to
Nitrogen Model Inter-comparison phase 2 (NMIP2)
protocol provided by Sun et al (2024). The simula-
tion period was from 1850 to 2020. The spatial res-
olution was half degree at global. The climate for-
cing was based on the CRU-JRA v2.2 dataset for the
period 1901-2020 (Harris 2021). Atmospheric CO,
concentrations were prescribed using ice core records
and NOAA observations spanning 1850-2020 (Joos
and Spahni 2008, Lan et al 2023). Land-use and
land-cover changes were provided by the land-use
Harmonization dataset version 2 (LUH2), also cov-
ering 1850-2020 (Hurtt et al 2020).

This study used the scenario with full anthro-
pogenic N inputs (called SH1 in NMIP2 pro-
tocol). Nitrogen deposition inputs were derived
from the IGAC/SPARC Chemistry-Climate Model
Initiative (CCMI) simulations (Hegglin et al 2016).
Anthropogenic nitrogen inputs via fertilizer and
manure were obtained from the HaNi (Harmonized
Anthropogenic Nitrogen input) dataset (Tian et al
2022), with fertilizer data available from 1911 and
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manure data from 1850 onward. LUH?2 also provides
irrigation areas in cropland (Hurtt et al 2020). For
model spin-up, climate data from 1901 to 1920
were recycled repeatedly, and a control simulation
using fixed boundary conditions was performed to
verify equilibrium (Sun et al 2024). VISIT without
soil NOx scheme has previously participated in
the Nitrogen Model Intercomparison Project phase
(NMIP2) under harmonized forcing datasets (Tian
et al 2024). The present study extends this framework
by introducing a soil NOx emission scheme.

2.3. Contribution of soil NOx emission to total
anthropogenic NOx emissions in land

We evaluate the relative contributions of soil NOx
emissions to total land NOx emissions. For the land
emissions, we used the EDGAR HTAP v3 database
developed by Crippa et al (2023). To calculate the
total NOx emissions from land surfaces for EDGAR
HTAP v3 database except soil NOx emission, we
excluded the NOx emissions in ‘1. international ship-
ping’, 2.1 domestic aviation) 2.2 international avi-
ation, ‘5.3 domestic shipping, and ‘8.3 agriculture
crops’ from total sum of NOx emission. Then, to cal-
culate the contribution of each grid to soil NOx emis-
sions (above canopy) simulated by VISIT, the contri-
bution was calculated as Soil NOx/(Soil NOx + land
NOx).

2.4. Soil NOx emissions in NMIP2 models for
benchmark

We used the simulation results of terrestrial biosphere
models from NMIP2 study (Sun et al 2024, Tian et al
2024) with the NO flux outputs, which were BRTSim-
BAMS4 (Pasut et al 2021), CLASSIC (Melton et al
2020, Kou-Giesbrecht and Arora 2023), DLEM (Tian
et al 2015, Xu et al 2017), ISAM (Shu et al 2020), O-
CN (Zaehle and Friend 2010), ORCHIDEE (Vuichard
et al 2019). All models were simulated under the
NMIP2 protocol.

3. Results and discussions

3.1. Overall historical trend in global soil NOx
emission

Global total soil NO emissions in VISIT have shown
an increasing trend from 1850 to 2020, with a min-
imum value of 20.1 TgNyr~! in 1850 and a max-
imum value of 27.0 TgNyr~! in 2010 (figure 1).
Considering the attenuation by vegetation canopy,
the range of emissions for the entire period was 10.6
TgNyr~! to 14.8 TgNyr—! (figure 1(left)). Global
hotspots for soil NOx emissions (for the year 2000)
were found in the Corn Belt of North America,
tropical rainforest regions, and South and East Asia.
Additionally, high emissions were observed in the
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grain-producing regions extending from Europe to
Eurasia (figure 2).

Compared with previous estimates, global soil
NOx emissions estimated in this study were within
the range of previous studies but were above aver-
age (table 1). Some studies have referenced the
highly influential pioneering empirical model (YL95)
developed by Yienger and Levy (1995), while process
models that calculate ecosystem carbon and nitro-
gen budgets, such as the one used in this study, are
three examples in table 1. (Potter et al 1996, Tao
and Jain 2005, Zaehle and Friend 2010). The dif-
ferences in the estimates are attributed to various

factors, including the computational approach, res-
olution, handling of fluxes immediately after rain-
fall, and the level of detail in ecosystem classification.
However, the most significant difference between this
study and most of the previous studies appears to
be the treatment of nitrogen deposition and manure
inputs. In previous studies, these nitrogen flows were
not explicitly considered except in (Hudman et al
2012), but even in the 1990s, the global N loads were
approximately 62.4 TgNyr~! in N deposition and
87.1 TgNyr~! in manure, respectively (Tian et al
2022). These anthropogenic inputs represent signific-
ant N loadings contributing to reactive N supply to
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Table 1. Estimates of global soil NOx emissions from previous studies.
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Soil surface

Above canopy

(TgNyr—!) (TgNyr ~1) Estimation method Reference year(s) References

10.2 5.5(3.3-7.7) Empirical model 1990s Yienger and Levy (1995)
(original YL95)

9.7 — Process-based model 1990s Potter et al (1996)

21 13 Inventory using 1990s Davidson and Kingerlee
biome-level emission (1997)
factors

12 8 Empirical model 1990s Ganzeveld et al (2002)
(revised YL95)

7.4 5.0 Empirical model 1990s Yan et al (2005)
(revised YL95)

7.5 — Process-based model 2000 Tao and Jain (2005)
(ISAM model)

35.0/26.8 — Process-based model 1990s Zaehle and Friend (2010)
(O-C and O-CN
models)

33.1/10.5 26.7/8.5 Empirical model 2000s Steinkamp and Lawrence
(revised YL95) (2011)

7.4 6.2 Empirical model 2000s Hudman et al (2012)
(BDSNP model)

— 129+ 3.9 Inverse estimate (OMI 2005-2008 Vinken et al (2014)
satellite NO, data)

— 7.9 Inverse estimate 2005-2014 Miyazaki et al (2017)

— 9.5 Empirical model 1990s Weng et al (2020)
(revised YL95)

— 9.1 Empirical model 2005 Simpson and Darras (2021)
(revised YL95)

13.8 (95%C.1.: 9.1-20.7) 9.1 (95%C.1.: 6.6-12.5) Average for above
studies

242+13 13.2+£0.7 Process-based model 1990s This study (VISIT)

24.14+0.7 1294+ 0.4 Process-based model 2000s This study (VISIT)

15.0 (95%C.1.: 7.6-29.8) — Multi-model ensemble 1990s NMIP2
average

15.2 (95%C.1.: 7.5-29.9) — Multi-model ensemble 2000s NMIP2

average

The revised YL95 approach maintains a similar core framework, but specific parameters differ among the revised YL95. The

fertilizer-induced emission factor was updated from 2.5% in the original YL95 to lower values based on field observations, such as
1.16% in Yan et al (2005), 1.0% in Steinkamp and Lawrence (2011), 1.5% in Hudman et al (2012), and 0.7% in Simpson and Darras
(2021). Soil moisture parameterizations evolved from discrete wet/dry states based on precipitation history to continuous functions

using actual volumetric soil moisture (Hudman et al 2012, Weng et al 2020). Other changes include the incorporation of additional
mechanistic factors, such as soil organic carbon, soil pH (Yan et al 2005), and seasonal fertilization (Hudman et al 2012).

terrestrial ecosystems. In previous studies, the emis-
sion factors of soil NOx emissions for manure applic-
ation were considered to be approximately the same
or higher than those for chemical fertilizers (e.g.
Bouwman et al 2002, Liu et al 2017). Therefore, tak-
ing these additional nitrogen loads into account, it is
likely that the emissions from agricultural land and
grassland in particular will be upwardly corrected in
each of the estimation methods used in previous stud-
ies (Hudman et al 2012). Furthermore, Furthermore,
unlike process models such as VISIT, empirical mod-
els do not address changes in nitrogen pools in each
ecosystem over time and, therefore, do not take into
account the accumulation (or loss) resulting from
these continuous inputs.

In contrast, although global above-canopy NOx
emissions were higher in this study than in previous
studies (table 1), it is worth noting that the values
are in a comparable order and fall within the uncer-
tainty range estimated by satellite inversion (Vinken
et al 2014). A recent EU subcontinental-scale inver-
sion study using TROPOMI satellite NOx data repor-
ted that the above-canopy NOx emissions in the pos-
terior became approximately 1.7 times higher than
those in Copernicus Atmosphere Monitoring Service
global emission inventories (Simpson and Darras
2021), with particularly large discrepancies over for-
ested area, highlighting the underestimation of NOx
emissions from ecosystems (Lin et al 2024). On the
basis of these recent findings, the values obtained in
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this study are not considered extremely high and are
deemed to represent reasonable estimates.

When considering natural ecosystems alone, soil
NOx emissions show a slight downward trend over
time, with an average of 19.8 TgNyr~! prior to
1900 and 17.8 TgN yr~! in the 2000s. Conversely, the
emissions from agricultural lands show an increas-
ing trend, and the overall increasing trend is clearly
driven by enhanced soil NOx emissions from agricul-
tural land, which exceeded the concurrent decrease
in natural ecosystem emissions and led to an upward
global trend. The significant increasing trend dur-
ing the calculation period, with the minimum emis-
sions of 1.6 TgNyr~—! in 1850 and maximum emis-
sions of 8.3 TgNyr~! in 2016, representing an
increase of approximately fivefold. The decrease in
natural ecosystem-derived soil NOx emissions and
the increase in agricultural ecosystem emissions are
largely attributed to land-use changes from natural
ecosystems such as forests and grasslands to agri-
cultural land-use for crop production and grazing
(Hurtt et al 2020). Although these land-use changes
increased approximately linearly from 1850 through
the 1980s, their incresing trend has slowed and
has largely plateaued since the 1990s (Hurtt et al
2020). In contrast, agricultural soil NO, emissions
have exhibited an accelerated upward trend since the
1950s, primarily driven by the increased application
of chemical nitrogen fertilizers and manure inputs
(Tian et al 2022). As a result, the contribution ratio of
agricultural land to global soil NOx emissions during
this calculation period increased sharply from 7.8%
to 31.3% (figure 1). In terms of ecosystem NOx emis-
sions, due to differences in the extent of canopy atten-
uation, the contribution of agricultural land can be
estimated to be even higher, at 9.3% to 35.0%.

There was no clear trend in the global CRF over
the entire period, and it remained at approximately
45% (figure 1). However, the spatial variability of CRF
itself is very large, reaching nearly 80% in tropical
regions with high vegetation biomass, and below 10%
in arid regions with low biomass (figure 2). There are
significant differences depending on land-use types
(figure 1). As shown in previous studies (e.g. Yan et al
2005), CRF was more pronounced in natural ecosys-
tems than in agricultural ecosystems, with the CRF
for soil NOx in natural ecosystems accounting for
47.3% of the global annual average, compared with
34.7% in agricultural ecosystems during the simu-
lated period (figure 1). Therefore, land-use conver-
sion to agricultural land is likely to influence global
CRF; however, CRF in both natural and agricultural
ecosystems showed increasing trends, counteracting
the potential reduction associated with land-use con-
version. This increase in CRF is attributed to factors
such as the accumulation of forest biomass and the
resulting increase in LAI, with CRF in natural eco-
systems rising from 46.4% before 1900 to 48.8% in
the 2010s. In agricultural ecosystems, global CRF
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has increased significantly since 1950 (from 32.9%
to 40.0% in the same period), mainly as a result of
the expansion of improved agricultural management
practices such as irrigation and fertilization manage-
ments (Hurtt et al 2020).

3.2. Regional historical trends and the contribution
of soil to anthropogenic NOx emissions

Regional differences are similar to global trends over
the calculation period; however, the trend in soil
NOx emissions has become more pronounced in
some regions since 1950. In particular, significant
increases in total soil NOx emissions were observed
in Europe, E. Asia, S. Asia, S.E. Asia, and temperate
N. America (figure 3). In contrast, increases were not
obvious in other regions. In regions where increases
were observed, the increase in NOx emissions from
the agricultural ecosystem (figure S3) resulting from
the cropland expansion and increased use of chem-
ical N fertilizers considerably contributed to this
increase. Notably, in Europe and S. Asia, over half
of soil NOx emissions originated from agricultural
land. Following these regions, the proportion of agri-
cultural land-derived NOx was high in Temperate
N. America and E Asia in the 21st century. Notably,
soil NOx emissions from agricultural land in Europe
and B. Asia have been peaked out since 1990, accom-
panied by changes in chemical N fertilizer use (Tian
etal 2022).

In tropical rainforests such as those in C. America,
Tropical S.America, C.Africa and S.E.Asia, high
CREFs (figure 3) were observed, with more than 70%
of soil NOx emissions attenuated by the canopy
(figure 2). This substantial attenuation is attribut-
able to the high LAI of vegetation canopies in these
regions. Although soil NO, emissions in tropical
rainforests were significantly higher than in other
regions—often exceeding 20 Gg N per grid cell due
to high temperatures—ecosystem-level NO, emis-
sions remain relatively low because of strong canopy
uptake, with only a few grids surpassing this value
(figure 2). In contrast, ecosystems classified as steppe
or shrubland, located in temperate or arid zones, have
low LAI and thus a lower CRE Therefore, regions such
as Temperate North America (period average 28.1%)
and Western Asia (period average 21.1%), where these
ecosystems are distributed, have low CRF as a result.
Additionally, in W. Asia, agricultural ecosystems have
higher CRF values than natural ecosystems (25.4%
and 19.3%, respectively) in our simulation because
the LAI is higher in agricultural land. However, pre-
vious studies using MODIS LAI have also pointed
out that irrigated agricultural land has a higher LAI
than natural ecosystems (Singh et al 2018); therefore,
the conversion of land-use to agricultural ecosystems
has contributed to an increase in CRE. As such, the
effects of land-use change vary depending on the ori-
ginal ecosystem type, so it is important to consider



Environ. Res. Lett. 21 (2026) 104023

K Nishina et al

Boreal N. America Europe N. Africa S. Asia Boreal Asia
08 20
06 5 09 2 15
0a 10 06 10
0.0 0.0 0.0 0 0.0
1850 1900 1950 2000 1850 1900 1950 2000 1850 1900 1950 2000 1850 1900 1950 2000 1850 1900 1950 2000
Temperate N. America E. Asia
4 3
3 « 2
1 1
0 G 0
1850 1900 1950 2000 40N- Tempé%lai’t\?nerica 1850 1900 1950 2000
C. America o, g X S.E. Asia
20 2N G, America 2 A : 3
15 i
; \ 2
1.0 0o W"‘ 3 m : N T 1
05 . | S. Americ
0'01350 1900 1950 2000 20°s- N : 3 ’ | 01350 1900 1950 2000
’ P pe . America TP FERE Dooanic
Tropical S. America Soil Cont”bunon?ﬂ] PR v %289 Oceanie Oceania
ws- | [ N S. Africa A
2 0 10 20 30 40 50 60 70 80 90 100 \; \ ~ 1.0
180° 120°W 60°W 0 60°E 120°E 180°
1 05
0 0.0
1850 1900 1950 2000 1850 1900 1950 2000
Temperate S. America C. Africa S. Africa W. Asia
15
I ) 10 06
k 04 ; _
05 1 05 02 . Natural Agriculture Ecosyster
0.0 0 0.0 0.0
1850 1900 1950 2000 1850 1900 1950 2000 1850 1900 1950 2000 1850 1900 1950 2000
Figure 3. Historical trends in regional soil NOx emissions (TgN) and the map of soil NOx contribution to total NOx emissions
(percentage) in land. The white lines indicate the border for 15 regions, which is defined in the RECCAPP2 study. For NOx emis-
sions in other sectors, we used EDGAR HTAPv3 (Crippa et al 2023).

regional characteristics when evaluating the impacts
of land-use change.

Finally, we compared simulated soil NOx emis-
sions (above canopy) with anthropogenic NOx emis-
sions from land sources other than soil in EDGAR
HTAP3 (i.e. excluding emissions from shipping, avi-
ation, and agriculture) (Crippa et al 2018). The
annual emissions from sources other than soil in
EDGAR HTAP3 averaged 30.8 TgNyr~! from 2010
to 2015 (converted to N weight as NO; in this case).
The map in figure 3 shows the fraction of soil NOx
(above canopy) to the total NOx emissions in each
grid cell. In the areas of boreal N. America and boreal
Asia, which has a low human populations, soil NOx
emissions are predominant, with values approaching
nearly 100% in some areas. Also, in regions such as
the Sahara Desert, Central Asia, and the Australian
interior, anthropogenic NOx emissions from fossil
fuel combustion are limited, resulting in a relat-
ively high share of naturally occurring NO emis-
sions from dry soils. Furthermore, sparse vegeta-
tion means that there is less canopy NOx attenu-
ation (figure 1), which further enhances the relat-
ive contribution of soil-derived NOx in these arid
areas. Mountainous areas have also been identified as
regions where nearly 100% of NOx originates from
the soil (Molina-Herrera et al 2017). This cannot
be highlighted in our simulation because we used a
coarse spatial resolution of the 0.5 grid.

In regions with moderate to high population
densities, such as temperate N. America, Europe,
S. Asia, and E. Asia, anthropogenic sources other than
soil play an important role, but a certain contribu-
tion has been observed. Regions where the contribu-
tion exceeds 30% in the moderately to highly popu-
lated areas include, for example, the Corn Belt in the

United States and grain-producing regions in Europe.
In these regions, soil NOx derived from agricultural
land dominates over that of natural ecosystems, sug-
gesting that agricultural activities significantly influ-
ence air quality as show in previous regional stud-
ies Almaraz et al (2018), Skiba et al (2021), e.g. Note
that the average soil NOx emissions for the compar-
ison period in the original EDGAR data were 1.4 TgN
(converted to N weight as NO in this case) (Crippa
et al 2018), while the results from VISIT were 4.6
TgN, indicating a notably higher value. Our results
underscores the role of agricultural NO emissions
enhanced by fertilizer application and land manage-
ment practices in cultivated systems. Together, these
findings stress the need for region-specific mitigation
strategies. While fossil fuel reduction remains key in
urban areas, targeted agricultural nitrogen manage-
ment is equally crucial for lowering soil NOx emis-
sions in intensively farmed regions.

3.3. Benchmarking using model inter-comparison
study for global soil NOx emissions

In the terrestrial biogeochemical models in the
NMIP2 study (Tian et al 2024), global soil surface
NOx emissions showed a large divergence over the
entire simulation period (figure 4). However, with
the exception of the ISAM model, the amount of soil
NOx emissions were generally comparable to those
reported in previous studies during the 1990s and
2000s (table 1). The time-series of global soil NOx
emission based on the ensemble average of all mod-
els (geometric mean) was 9.99 Tg Nyr~—! before 1900
and 16.1 TgNyr~! in the 2010s. Although VISIT
is within the 95% interval, soil NOx emissions in
VISIT are the second largest among NMIP2 models.
Regarding global N,O emissions, the NMIP2 model
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Figure 4. Global soil NOx emissions (from soil surface) in NMIP2 models. Colors (except red) in the lines indicate the model.
The black line and gray envelope indicate the mean and 95% confidence interval among the models.

results converged well, with all models falling within
the range of 10-14 Tg N yr~! by the 2010s (Tian et al
2024). However , soil NOx emissions in the 2010s
showed a considerable variation among the mod-
els, ranging from 7.8 TgNyr~! to 71.0 TgNyr— ..
When examining the increments from the 1850s to
the 2010s, there was a large variation, ranging from
2.2 to 22.6 GgNyr~! (6.1 GgNyr~! in ensemble
average). The percentage increase ranged from 14.2%
to 150.6% (ensemble average of 60.6%), which clearly
indicates the significant differences in sensitivity to
land-use changes and chemical fertilizer inputs. The
increment in VISIT during the same period was 3.1
TgN, the third smallest value of the NMIP2 mod-
els. Key parameters influencing NO emissions include
soil N availability, temperature dependence, mois-
ture dependence, and pH sensitivity (e.g. Pilegaard
2013). However, to enhance the reliability of future
projections, improving the comprehensive nitrogen
budget within biogeochemical models—considering
both nitrogen inputs and outputs in natural ecosys-
tems and agricultural ecosystems—is a crucial first
step. From this perspective, the model with high emis-
sions requires significant improvements in its estim-
ation of soil NOx emissions.

Future improvements should focus on expand-
ing atmospheric inversion studies and satellite-
based constraints to refine soil NO, estimates in
biogeochemical models, especially in under-sampled
regions. NOx observation satellites (Miyazaki and
Bowman 2023), such as OMI-2 (Levelt et al 2006),
GOME (Callies et al 2000), and more recently
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GOSAT-GW (Tanimoto et al 2025), are important
for inverse analysis methods and the separation of
emission sources. However, inverse analysis can only
determine the net flux attenuated by the forest can-
opy, so soil flux observations using such chamber
methods are important. Global databases similar to
those established for GHG fluxes (e.g. SRDB (Jian
et al 2021)) may also be necessary. The biome-scale
emission intensities simulated by VISIT generally fall
within the range reported by field observations sum-
marized in Stehfest and Bouwman (2006) (figure S1
and table S1). However, one-to-one verification at
individual observation sites has not been performed.
Therefore, reconstructing spatial grid estimates using
machine learning with monitoring network data is
likely to be useful for validating surface soil NOx
fluxes in biogeochemical models, also significant for
bridging these gaps.

It will also be important to set parameters and
develop models based on observations for the CRF
scheme (Delaria et al 2018). Supplementary sensit-
ivity experiments indicate that uncertainties in the
CRF parameters translate into moderate but sys-
tematic uncertainty in global soil NO, emissions. A
£20% perturbation of k; resulted in a —3.96% to
+4.40% change in the global CRF, corresponding to
—0.51 to +0.57 Tg N yr~! in NO, emissions, while
k. produced a similar range (—4.26% to +5.51%;
—0.55 to +0.71 Tg N yr—!). Although these sensit-
ivities remain moderate, they highlight a structural
limitation of current large-scale models. Most global
biogeochemical models adopt simplified ‘big-leaf’
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canopy representations with empirically derived coef-
ficients that were originally constrained by lim-
ited observations. Yet canopy-atmosphere exchange
depends on turbulence, chemistry, and vegetation
structure, which remain poorly constrained in both
models and measurements (Ganzeveld et al 2002,
Visser et al 2022). Improving CRF parameterizations
therefore requires coordinated advances in process-
based modeling and expanded canopy-scale observa-
tions of NO, exchange. Future work should also con-
sider the role of seasonal vegetation dynamics and
phenology, as temporal variations in canopy struc-
ture and leaf development may modulate the effect-
ive attenuation of soil NO, emissions and introduce
additional variability in CRE.

Uncertainties in anthropogenic nitrogen input
datasets could also be an uncertainty source of soil
NOx emissions. However, long-term, spatially expli-
cit datasets covering the historical simulation period
for global fertilizer and livestock manure inputs
remain limited. The HaNi dataset (Tian et al 2022)
is one of the few harmonized reconstructions suit-
able for long-term global simulations. Nevertheless,
significant uncertainties persist in current nitrogen
input datasets, both in the global agricultural nitro-
gen input data itself and in the nitrogen budget
within agricultural ecosystems (Zhang et al 2021),
potentially introducing uncertainty into global soil
NOx emissions. Reducing the uncertainty in nitro-
gen input data and improving the nitrogen budget
in agricultural ecosystems are essential for enhancing
the accuracy of global Soil NOx emissions.

Despite these limitations, our century-scale sim-
ulation fills a critical knowledge gap by provid-
ing a continuous historical perspective that is not
achievable through observations alone. The use of
the harmonized HaNi nitrogen input dataset and
the integration of canopy attenuation processes fur-
ther enhance the robustness of our long-term estim-
ates. This contributes essential boundary conditions
for atmospheric chemistry modeling and supports
the development of region-specific nitrogen man-
agement strategies. Furthermore, to improve model
accuracy in arid and semi-arid regions such as sub-
Saharan Africa, reproducing spike NOx emissions—
which were omitted in this study—remains a future
challenge. Globally, such pulse events are estimated
to account for about 4% of the annual soil NOx
budget (Yan et al 2005), which is not so large from
the view to the assessment for land-use change at
global scale in this study. However, in seasonally arid
ecosystems, capturing these sudden emission events
at finer resolution is necessary (Zorner et al 2016,
Hickman et al 2021). Recent high-frequency obser-
vations indicate that rainfall-induced NOx surges are
extremely short-lived. Initial peaks occur within 30
min, and the main emission phase often concludes
within a day to several days (Hickman et al 2021,
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Slessarev et al 2021). Improving VISIT model’s pre-
dictive performance will require the implementation
of higher temporal resolution and improved rep-
resentation of arid soil moisture dynamics, which
are currently constrained by the coarse spatial res-
olution inherent in global biogeochemical models
(Yan et al 2005).

3.4. Conclusions

This study demonstrated that global NOx emissions
have increased as a result of the conversion of natural
ecosystems into agricultural land. The conversion of
natural ecosystems into agricultural land led to a shift
in dominant soil NOx emission sources, resulting in
an increase of approximately 3.1 TgN at the global
soil surface.

Our global assessment highlights the spatial het-
erogeneity of soil NOx emission dynamics accom-
panied by land-use change over long-term periods.
In areas with low population density, NOx emis-
sions from soil are dominant in each region. However,
even in densely populated areas, NOx emissions
from natural ecosystems and agricultural soils are
quantitatively important. Furthermore, as revealed
by regional analysis, it has become clear that the
land-use changes accompanied with the chemical N
fertilizer and manure uses has been the dominant
factor driving the increasing trend of soil NOx in
North America, Europe, and Asian regions during the
period from 1850 to 2020. This study also quantitat-
ively demonstrated that the attenuation of soil NOx
by the vegetation canopy is a dominant factor influ-
encing regional Soil NOx emission levels. This is also
important for understanding the impacts of land-
use changes, an aspect that has not been extensively
addressed in previous studies.

As future emissions of fossil fuel-derived NOx
are reduced, the importance of soil NOx emis-
sions associated with land-use and agricultural man-
agement will grow increasingly significant. Various
future scenarios have been proposed regarding the
expansion of cropland to produce food and bioen-
ergy crops to meet the increased demand by popu-
lation growth (Kanter et al 2020, Chang et al 2021),
which will increase chemical N fertilizer and manure
applications and promote soil NOx emissions. To
improve the predictions for NOx to inform atmo-
spheric chemistry and climate change, it is more
necessary to improve the prediction performance of
biogeochemical models for future projections.
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