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Abstract Atmospheric N,O, the dominant ozone-depleting substance and a potent greenhouse gas, has
risen notably over recent decades. Using a process-based model, we simulated the sensitivity of N,O emissions
from undisturbed natural soils to the representation of historical land-cover change from 1990 to 2023 by
factoring the effects of atmospheric nitrogen deposition, biological nitrogen fixation, rock weathering, and soil
uptake. Simulations based on the potential vegetation distribution data show average emissions of

6.24 + 0.72 Tg N yr~! with a significant upward trend (+0.021 Tg N yr™") from 1990 to 2023, while European
Space Agency Climate Change Initiative land cover estimates were 30% lower, underscoring the sensitivity of
N,O estimates to land-cover representation. Most emissions stem from background processes (69.8% + 4.5%),
followed by nitrogen fixation (16.3% + 2.6%), atmospheric deposition (9.2% + 1.3%), and rock weathering
(4.7% * 1.1%). The accelerating trend of N,O emissions under changing climate conditions and key
uncertainties are tied to used land-cover data sets, limited observation data, and unresolved hydrological
extremes.

Plain Language Summary Nitrous oxide (N,O) is a powerful greenhouse gas that also depletes the
ozone layer. Natural ecosystems, such as forests, grasslands, and wetlands, play an important role in releasing
N,O into the atmosphere. In this study, we used a process-based ecosystem model and high-resolution land
cover data from satellites to estimate how much N,O has been emitted globally by natural ecosystems from 1990
to 2023. We found that tropical regions contributed most of the emissions and that human-driven land-cover
changes, such as deforestation, have significantly altered the natural N,O budget. This work helps improve our
understanding of how natural terrestrial ecosystems contribute to climate change and supports future efforts to
monitor and reduce greenhouse gas emissions.

1. Introduction

Nitrous oxide (N,O) is the leading ozone-depleting substance and a potent long-lived greenhouse gas. Its at-
mospheric concentrations have risen from 270 ppb in 1750 to 336 ppb in 2023, with an accelerated increase since
1980 (Butterbach-Bahl et al., 2013; Tian et al., 2024).

Globally, the largest sources of N,O emissions originate from natural soil processes (Tian et al., 2024). To es-
timate large-scale gaseous nitrogen (N) losses from terrestrial ecosystems, researchers have developed a range of
methodologies, broadly categorized into bottom-up and top-down approaches. Bottom-up methods encompass
inventory-based assessments, statistical extrapolations of field measurements, mass balance techniques, and
process-based modeling (Harris et al., 2022; Kroeze et al., 1999; Tian et al., 2024), while top-down approaches
use atmospheric inversion techniques to infer emissions based on observed atmospheric concentrations
(Thompson et al., 2019). Among bottom-up approaches, process-based modeling stands out for its ability to
explicitly simulate the underlying biogeochemical processes that control N,O emissions while integrating diverse
environmental and anthropogenic drivers. Their ability to resolve spatial and temporal emission patterns makes
them especially useful in regions with high nitrogen inputs (Thompson et al., 2019; Tian et al., 2024).

Many current process-based land models primarily represent internal nitrogen cycling, and typically include only
biological nitrogen fixation (BNF) and atmospheric nitrogen deposition as external nitrogen inputs, with depo-
sition prescribed from atmospheric chemistry model products (Stocker et al., 2016; Vitousek et al., 2013). Models
such as CLM4.5, CLMS5, JSBACH, JULES-ES, LPJ-GUESS, CLASSIC, ELM, ORCHIDEE, and LPX-Bern
typically rely on simplified, empirical representations of BNF and deposition (Asaadi & Arora, 2021; Davies-
Barnard et al., 2020; Ghimire et al., 2016; Goll et al., 2017; Lawrence et al., 2019; Ma et al., 2022; Mathison
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etal., 2023; Tian et al., 2024; Vuichard et al., 2019; Zhu et al., 2019), while neglecting other potentially important
sources such as nitrogen released through rock weathering. Recent studies have identified rock weathering as a
significant and widespread source of reactive nitrogen that can contribute to N,O emissions (Houlton et al., 2018;
Morford et al., 2016; Wan et al., 2021; Wooliver et al., 2019). Moreover, nitrogen losses such as ammonia (NH;)
volatilization are often omitted, and mechanistic representations of both symbiotic and free-living nitrogen
fixation are generally lacking (Yuan, Zhuang, Zhao, & Liu, 2025). These limitations underscore the need for more
comprehensive modeling frameworks that integrate multiple nitrogen sources and loss pathways to improve the
understanding of terrestrial nitrogen cycling and its contribution to N,O emissions. The spatiotemporal variability
of nitrogen deposition further complicates accurate quantification of soil N,O fluxes, contributing to significant
uncertainty in nitrogen—climate interactions within the Earth system. Some bottom-up N,O studies have used
potential vegetation or pre-industrial land-cover maps as proxies for actual land cover, potentially overlooking the
effects of contemporary land use (Tian et al., 2024). Such frameworks treat potential vegetation as a static
baseline against which historical land-use and land-cover change (LUC) effects are quantified, introducing un-
certainty in the representation of background N,O emissions. While large-scale initiatives such as the Global N,O
Model Intercomparison Project (NMIP) employ dynamic land-cover data to account for LUC, the specific
sensitivity of natural soil N,O emissions to the static versus dynamic representation of natural vegetation extent
has not been systematically isolated.

Land-cover change exerts substantial biogeochemical and biophysical impacts on climate by altering greenhouse
gas emissions and surface energy balance, through shifts in albedo, evapotranspiration, and surface roughness
(Liu et al., 2017; Pielke, 2005). These changes have been shown to significantly affect simulations of energy,
water, and carbon fluxes in global land surface models (Harper et al., 2023). In particular, deforestation is
responsible for an estimated 53%-58% of the difference between current and potential biomass stocks (Erb
et al., 2018), which has substantial implications for N,O emissions from natural terrestrial ecosystems. The
exclusion of actual land cover dynamics in modeling frameworks may therefore lead to significant biases in the
simulation of nitrogen cycling and associated greenhouse gas fluxes.

In this study, we enhanced the Terrestrial Ecosystem Model (TEM) by integrating a more comprehensive nitrogen
cycle framework that includes additional nitrogen input and output processes and integrating land cover data
derived from the European Space Agency Climate Change Initiative (ESA-CCI; Copernicus Climate Change
Service, 2019) to address the gap by providing a targeted, diagnostic analysis of how the assumption of a static
potential vegetation baseline affects simulated natural soil N,O emissions, independent of managed lands, fer-
tilizer application, or other anthropogenic inputs. The updated TEM was calibrated, validated, and applied to
quantify N,O emissions from natural terrestrial ecosystems globally over the period 1990-2023.

2. Method
2.1. Description of TEM

The TEM is a global biogeochemical model that simulates water, carbon (C), and nitrogen (N) cycling in
terrestrial ecosystems (McGuire et al., 1997; Melillo et al., 1993; Yuan, Zhuang, Zhao, & Liu, 2025; Yuan,
Zhuang, Zhao, & Shurpali, 2025; Zhuang et al., 2002, 2003). The nitrogen dynamics module builds on earlier
work (McGuire et al., 1997; Yuan, Zhuang, Zhao, & Shurpali, 2025, Yuan, Zhuang, Zhao, & Shurpali, 2025) and
incorporates key processes including nitrogen inputs from plant litter and atmospheric deposition, biological N
fixation, plant uptake, net mineralization, and nitrogen losses. The module also represents the influence of soil
physical conditions on nitrification, denitrification, and N,O fluxes. TEM simulates both N,O production within
soil and net N,O emission to the atmosphere. Net N,O emission is calculated as the difference between N,O
production and soil N,O uptake, with gas transport represented using Fick's law (Equations S1-S12, Yuan,
Zhuang, Zhao, & Shurpali, 2025). These processes follow the stoichiometric principles of soil C-N interactions.
In this study, we revise the N cycling algorithms in TEM by adding nitrogen inputs from bedrock weathering and
outputs via NH; volatilization (Figure 1). Inorganic N from weathering is derived from Houlton et al. (2018) and
Wan et al. (2021), while NH; volatilization is simulated using process-based algorithms adopted from Montes
et al. (2009) and Zhao and Zhuang (2024), which were developed and evaluated against observational data sets in
their respective studies.
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Figure 1. Structure of the nitrogen (N) cycle in Terrestrial Ecosystem Model (TEM), including three main components: external N inputs, internal cycling, and N
outputs. Blue arrows indicate N input pathways, including atmospheric deposition, nitrogen release from rock weathering, biological nitrogen fixation, and atmospheric
gas uptake. Orange arrows represent N output pathways, including leaching and gaseous losses (e.g., NH;, NO,, N,O, and N,). Black arrows illustrate internal nitrogen
cycling within TEM, including litterfall, mineralization, immobilization, plant uptake, nitrification, and denitrification. Nitrogen leaching is represented primarily as
nitrate loss because NO, ™ is highly mobile in soil water. Immobilization is represented mainly as microbial uptake of NH,*, reflecting the lower energetic cost of
ammonium assimilation compared with nitrate reduction.

2.2. Model Calibration, Validation, and Uncertainties

Observational data for model calibration and evaluation were compiled from peer-reviewed literature using the
keywords “N,O” or “nitrous oxide.” Data were obtained either directly from the authors or digitized from
published figures. Only observations spanning >4 months were included, and screened for outliers using Q-Q
plots and Z-score filtering. The final data set comprised 1,062 observations from 65 sites across diverse eco-
systems, including 4 Xeric Shrubland/Woodland, 3 Mediterranean Shrubland, 7 Wet Tundra, 5 Alpine/Dry
Tundra, 8 Grassland, 7 Boreal Forest, 3 Temperate Evergreen Forest, 8 Temperate Coniferous Forest, 9
Temperate Deciduous Forest, and 11 Tropical Forest sites (Figure S1 and Table S1 in Supporting Information S1).

Model calibration and validation were performed for each plant functional type (PFT) using Bayesian optimi-
zation with 5-fold stratified cross-validation to ensure balanced site representation. Calibrations were aligned
exactly with the measurement periods of each site to ensure temporal consistency. N,O emissions were aggre-
gated to monthly rates for comparison because the model was run at a monthly time step, which corresponds to the
monthly resolution of the primary input data. In addition, our study focuses on long-term trends and mean annual
balances, for which a monthly time step provides an appropriate balance between computational efficiency and
capturing the essential system dynamics. This temporal aggregation also helps reduce noise that may arise from
daily or hourly variability.

Bayesian optimization was implemented via the Python package scikit, and the parameter set with the lowest
RMSE across folds was selected as the best-performing set to drive TEM simulations (Table S4 in Supporting
Information S1). Simulated cumulative N,O emissions using the best performing parameter set closely matched
observations, capturing site-level annual cumulative N,O emissions across a range of biomes (Figure S2 in
Supporting Information S1). This validation confirms the model's utility for estimating large-scale, long-term
fluxes. However, the comparison at the annual timescale indicates that the model's ability to simulate high-fre-
quency (e.g., daily or monthly) temporal variability is limited, consistent with the model's design and resolution.
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To assess uncertainty, we conducted ensemble simulations using all five parameter sets, providing a robust es-
timate of parameter-driven variability.

2.3. Regional Extrapolation

To generate spatially and temporally explicit global N,O emission estimates, we ran TEM at a 0.5° X 0.5°
resolution using land cover, soil, and climate data sets from various sources (Table S5 in Supporting Informa-
tion S1). Monthly climate forcing (1990-2023) was obtained from ERAS5 (Hersbach et al., 2023), and atmo-
spheric CO, concentrations from the NOAA Global Monitoring Laboratory (NOAA Global Monitoring
Laboratory, 2025). Soil bulk density and pH data were sourced from the Global Soil Bulk Density Map and
Global Database of Soil Properties (Carter & Scholes, 2000; Global Soil Data Task, 2000). Nitrogen deposition
(NH,. and NOy) was derived from ACCMIP multi-model data sets (Lamarque et al., 2013) for 1980, 2000, and
2030, with linear interpolation applied between years. The sensitivity of our results to this interpolation was tested
against time-series nitrogen deposition data from Tian et al. (2022), as discussed in Section 3.6. Bedrock
weathering fluxes were based on Houlton et al. (2018), assuming that all nitrogen enters the soil as NH,* (Houlton
etal., 2018; Wan et al., 2021). These data were resampled and formatted for TEM, including model modifications
to accommodate NH,, NOy, and rock weathering N inputs. We spun up TEM using fixed climate forcing to
reduce sensitivity to initial conditions and allow ecosystem pools to approach equilibrium for subsequent transient
simulations. The model was initialized using a cyclic forcing of the first 30-year climate sequence, repeated for 5
cycles to reach a total of 150 years. This length is consistent with our previous studies (Qu et al., 2018). During
spin-up, the equilibrium of the water, carbon, and nitrogen cycles was evaluated using predefined absolute
tolerance thresholds.

2.4. Land Use and Land Cover Change

In addition to using the potential vegetation map (PVM) from Melillo et al. (1993), we incorporated land cover
information from the ESA-CCI data set at 300 m resolution, spanning 1992 to 2022, to assess the impact of
historical land use and land cover change on natural ecosystem N,O emissions. Annual ESA land cover maps at
300 m resolution were aggregated by applying 0.5° X 0.5° resolution mask and summarizing land cover types and
pixel numbers within each grid cell. Referring to the cross-walking table provided by Harper et al. (2023), ESA
land cover classes were converted into fractional PFTs and subsequently mapped to the TEM-specific PFT
categories (Table S2 and S3 in Supporting Information S1), allowing up to six TEM-PFTs per 0.5° X 0.5° grid
cell. Each land cover configuration was simulated individually. Total N,O emissions were computed by summing
the emissions from each PFT multiplied by their area in each grid. This approach allowed for high-resolution
representation of land cover dynamics while maintaining computational efficiency.

2.5. Statistic Analysis

Statistical analyses were conducted in R 4.3.3 (R Core Team, 2024). Trends in global N,O fluxes were evaluated
using the Mann-Kendall test and Sen's slope via the “trend” package. Differences across PFTs were assessed with
one-way ANOVA and post hoc Tukey's HSD tests using the “stats” package.

3. Results
3.1. Global Estimation of Terrestrial Natural Ecosystem N,O Emissions

Global net N,O emissions averaged 6.24 + 0.72 Tg N yr~" from 1990 to 2023, with annual values ranging from
5.84 Tg N yr' in 1990 to a peak of 6.92 Tg N yr~' in 2009. Emissions exhibited pronounced interannual
variability, with peaks in 2009 and 2022 (6.92 and 6.82 Tg N yr~', respectively) and a trough in 1995
(5.88 Tg N yr™ ). N,O production followed a similar trajectory but remained consistently higher, averaging
6.57 + 0.45 Tg N yr™', reflecting a persistent production-emission gap (Figure 2). Model uncertainty was sub-
stantial. For the potential vegetation simulations, the lower bounds ranged from 1.85 to 2.33 Tg N yr™', while for
the ESA-CCI based simulations they ranged from 2.70 to 3.25 Tg N yr™", likely reflecting limitations in
parameterization and observational constraints. The upper bounds were 5.92-7.08 Tg N yr™! for the potential
vegetation case and 4.17-5.15 Tg N yr™' for the ESA-based case, both closely aligned with the estimates from the
best-performing parameter set. Emission estimates based on the ESA-CCI land-cover data set were systematically
lower than those derived from the PVM, averaging 4.14—4.70 Tg N yr~'. On average, using time-series land
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Figure 2. Global N,O production (a) and N,O emissions (b) under different land cover representations. “ESA” denotes estimates derived from the European Space
Agency Climate Change Initiative land cover data set, while “PVM” represents estimates based on the potential vegetation map. The shaded blue and red areas indicate
the range of model uncertainties resulting from parameter variability, derived from an ensemble of five parameter sets obtained through stratified cross-validation.

cover, the ESA-based estimates accounted for 69.15% =+ 1.54% of net emissions and 70.95% =+ 1.47% of N,O
production relative to PVM-based estimates, reflects historical conversion yields estimates of N,O emissions
from remaining natural soils that are 30% lower than estimates based on potential vegetation, underscoring the
strong sensitivity of modeled global N,O fluxes to land-cover representation. Mann-Kendall test revealed sig-
nificant upward trends in N,O emissions and production across all data sets. On average, N,O emissions during
2019-2023 were 0.6 Tg N yr™' (approximately 10%) higher than those during 1990-1994. Modeled N,O pro-
duction showed a strong increasing trend (p < 0.001; Sen's slope = 0.016 Tg N yr™*, 95% CI: 0.008-0.022), while
net emissions exhibited an even steeper trend (p < 0.001; slope = 0.021 Tg N yr™", 95% CI: 0.014-0.027).
Although trends from the ESA-CCI based estimates were less pronounced due to a shorter time series (n = 31),
they remained statistically significant for both production (p < 0.05; slope = 0.008 Tg N yr~!, 95% CI:
0.004-0.01) and net emissions (p < 0.001; slope = 0.014 Tg N yr™!, 95% CI: 0.009-0.018). These consistently
positive and statistically robust trends across data sets confirm that global N,O emissions have accelerated
significantly from 1990 to 2023, with variation in magnitude driven primarily by land-cover inputs.

3.2. Spatial Distribution

Spatially, tropical regions exhibited the highest N,O production and emissions (orange areas in panels a—d,
Figure 3), whereas the northern high latitudes and global drylands showed low emissions and functioned as net
N,O sinks (blue areas in panels c—d, Figure 3). The latitudinal distribution clearly identified the tropics (0°-23.5°)
as dominant hotspots, accounting for approximately 70% of global N,O emissions. Between 1990-1994 and
2019-2023, both N,O production and emissions increased globally, with the most significant growth observed in
tropical and subtropical zones. However, regional variability is evident: while much of the tropics experienced
rising emissions, certain areas, such as central South America and central Africa, exhibited localized declines,
potentially linked to climate variability or shifts in nitrogen inputs. In contrast, emissions in temperate regions
showed moderate increases, while boreal emissions remained relatively stable (Figure 3).

3.3. Production and Emission Variations Across Different Plant Functional Types

N,O emissions varied significantly among PFTs (p < 0.001), with tropical forests exhibiting the highest mean
emissions (0.114 + 0.006 g N m~2 yr™ 1), followed by temperate deciduous forests (0.038 £ 0.003 g N m™ 2 yr ")
and grasslands (0.035 + 0.006 g N m™2 yr™') (Figure S3 in Supporting Information S1). No significant differ-
ences were found between Mediterranean shrublands and alpine tundra (p = 0.64), or between temperate ever-
green forests and shrublands (p = 0.89), suggesting similar underlying emission drivers in these ecosystems. The

lowest emissions occurred in wet tundra and temperate evergreen forests, both below 0.01 g N m™2 yr™'.
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Figure 3. Spatial patterns and latitudinal distributions of N,O production and emissions based on the potential vegetation map. Panels (a) and (b) show the spatial
distribution and latitudinal profile of N,O production, averaged over two 5-year periods: 1990-1994 and 2019-2023, respectively. Panels (c) and (d) present N,O
emissions for the same time periods. Panels (e) and (f) show the changes in average N,O production and emissions between 19901994 and 2019-2023, respectively

(2019-2023 minus 1990-1994).

N,O production also differed significantly among PFTs (p < 0.001). Tropical forest again showed the highest
production rates (0.115 + 0.005 ¢ N m™2 yr 1), approximately 9.5 times greater than in alpine tundra
(0.011 £ 0.0003 g N m~2 yr!). Temperate deciduous forests (0.042 + 0.002 g N m~2 yr™') and grassland
(0.037 £ 0.002 g N m~2 yr™ ') followed. Boreal forests and temperate conifer forests had comparable production
rates (~0.018 g N m~2 yr'; p > 0.05), while Mediterranean shrublands and temperate evergreen forest were
slightly lower (0.017-0.018 ¢ N m~2 yr~'). Wet tundra and alpine tundra had the lowest N,O production, though
wet tundra emissions were marginally higher than alpine tundra (p < 0.05). Interquartile range (IQR) values
(e.g., tropical forest: 0.006; alpine tundra: 0.0003) indicate a greater variability in high-emission PFTs, suggesting
stronger environmental sensitivity in tropical regions.

3.4. Seasonal Variability in N,O Productions and Emissions

Figure S4 in Supporting Information S1 highlights strong seasonal contrasts in N,O fluxes between tropical and
temperate regions. Tropical ecosystems emitted more N,O annually (0.008 + 0.0006 g N m™2 yr™') than
temperate ecosystems (0.002 + 0.001 g N m™2 yr™"), with emissions peaking in October and showing low
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seasonal variation (CV = 7%). In contrast, temperate regions displayed pronounced seasonality, with summer
peaks (July: 0.004 ¢ N m~2 yr~! in the Northern Hemisphere; January: 0.005 g N m™ yr~' in the Southern

Hemisphere) and winter lows (December: 0.0004 g N m™2 yr

in the Northern Hemisphere; July:
0.001 g N m™2 yr~! in the Southern Hemisphere). This resulted in seasonal amplitudes of nearly 9.7-fold in the
Northern Hemisphere and 4.7-fold in the Southern Hemisphere, with high variability (CV = 83% and 37%,
respectively). The tropical-to-temperate emission ratio ranged from 1.92 during summer to 19.37 in winter,
underscoring the disproportionate contribution of tropical systems to the global N,O budget, particularly outside

the growing season.

3.5. The Effects of Actual Land Use and Land Cover Change

The natural area represented in the ESA-CCI land cover data set covers 79.33 + 0.14% of that in the potential
vegetation map (PVM; 133,561,319 km?). This discrepancy likely accounts for the lower N,O estimates in ESA-
based simulations, yielding only 69.15 + 1.54% of net emissions and 70.95 % 1.47% of production compared to
PVM-based results. Among PFTs, only grassland and alpine tundra show greater spatial extent in ESA-CCI
relative to the TEM PVM; all other PFTs exhibit reduced coverage. The most significant decline is observed
in tropical forests, the PFT with the highest N,O emission rates that occupies just 44.5 &+ 0.54% of their potential
extent in the ESA-CCI data set. This substantial reduction largely explains the lower N,O fluxes in ESA-based
simulations. This finding aligns with Harper et al. (2023), who demonstrated that incorporating ESA-CCI-based
PFT maps into the ORCHIDEE model significantly altered energy, water, and carbon fluxes, particularly in areas
where woody vegetation was replaced by grasslands or bare soil, patterns that mirror our findings for nitrogen
fluxes. Notably, N,O emission hotspots in tropical regions frequently coincide with zones of rapid land-use
change and agricultural expansion. Their persistence and spatial expansion over recent decades underscore the
growing influence of tropical ecosystems on the global N,O budget and highlight their vulnerability to anthro-
pogenic pressures.

In addition to tropical forests, temperate deciduous forest (23.93% =+ 0.10%), temperate conifer forest
(59.66% + 0.45%), and temperate evergreen forest (38.78 £ 0.49%) also show substantial area reductions relative
to PVM estimates (Figure 4). These likely reflect widespread deforestation and land conversion, resulting in
fragmented landscapes interspersed with grasslands, croplands, pastures, and urban areas (Ma et al., 2023). The
use of finer-scale land cover products such as ESA-CCI improves the representation of sub-grid heterogeneity at
0.5° X 0.5° resolution, offering a more realistic alternative to the PVM's assumption of homogeneous vegetation.

3.6. Effects of N Fixation, Deposition, Weathering, and N,O Uptake

To isolate the contributions of different nitrogen inputs to N,O emissions, we conducted a sequential exclusion
experiment, removing BNF, atmospheric deposition, and nitrogen weathering from the model. The decompo-
sition analysis revealed that background emissions accounted for the largest portion (4.63 + 0.15 Tg N yr™!;
69.8 + 4.5%), followed by nitrogen fixation (1.05 + 0.15 Tg N yr™'; 16.3% =+ 2.6%), deposition
(0.60 +0.04 Tg N yr~';9.2% + 1.3%), and weathering (0.30 + 0.04 Tg N yr™'; 4.7% =+ 1.1%) (Figures 5a and 5b).
These findings align with previous estimates, such as Cen et al. (2024), who reported that nitrogen deposition
accounted for approximately 9.0% of global forest soil N,O emissions. A similar pattern was observed for N,O
production, with background processes dominating (80.4% =+ 2.9%) and smaller but non-negligible contributions

from nitrogen fixation (9.3% =+ 1.9%) and deposition (7.7 = 1.6%).

While deposition and weathering remained stable, the contribution from nitrogen fixation rose significantly, from
13.7% (1990-1994) to 16.4% (2020-2023; p < 0.001, Sen's slope = +0.08% yr~"). Conversely, N,O uptake
declined from 6.4% to 3.4% over the same period (p < 0.001, Sen's slope = —0.006% yr™ "), likely due to reduced
atmospheric-soil concentration gradients as soil N,O levels increased.

To evaluate the influence of land-cover representation on the attribution results, we conducted additional sim-
ulations using ESA-CCI based land-cover data and repeated the factor-contribution analysis. The decomposition
analysis shows that background emissions account for the largest share (2.8 + 0.06 Tg N yr™'; 63.8 + 0.9%),
followed by BNF (1.03 + 0.07 Tg N yr™'; 23.3% + 1.01%), atmospheric deposition (0.42 + 0.01 Tg N yr™;
9.5% + 0.35%), and rock weathering (0.15 + 0.02 Tg N yr™'; 3.38% + 0.44%) (Figure S7 in Supporting In-
formation S1). In comparison, the ESA-based simulations yielded lower contributions for background emissions
but a higher relative contribution from BNF, although their rank order remained unchanged. Overall, while
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Figure 4. Temporal changes in ESA-derived plant functional type (PFT) areas from 1992 to 2022, based on European Space Agency Climate Change Initiative land
cover data were converted to TEM-specific PFT classifications. Panels (a—j) show changes in the area and percentage of individual PFTs, while panel (k) displays the
total natural area and the ratio of ESA-derived area to that from the potential vegetation map.

absolute magnitudes differ substantially between the two land-cover representations, primarily due to differences
in the extent of natural land area, the relative ranking of drivers is consistent. This indicates that land-cover
representation strongly affects total emission magnitude but exerts limited influence on the hierarchical impor-
tance of individual nitrogen inputs at the global scale. Consequently, the attribution of dominant controls on
natural soil N,O emissions remain robust across land-cover assumptions.

Several annual time-series nitrogen deposition data sets are available, including those from Ackerman
et al. (2019) and Tian et al. (2022). To evaluate the potential impact of using linearly interpolated ACCMIP
deposition data, we compared simulated N,O emissions with an alternative simulation driven by the time-series
HaNi deposition data set from Tian et al. (2022). The comparison shows that global natural soil N,O emissions
simulated with the HaNi data set are 0.15 + 0.12 Tg N yr~! (2.3 + 1.8%) higher than those using the interpolated
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Figure 5. Panel (a) shows 5-year average simulated background N,O emissions and contributions from biological nitrogen fixation, atmospheric nitrogen deposition,
nitrogen weathering, and N, O uptake based on the potential vegetation map. Panel (b) presents the corresponding percentage contributions of each component to total
emissions. Panel (c) represents annual N inputs of nitrogen fixation, deposition and rock weathering (Tg N yr™).

ACCMIP data (Figure 6). Under the HaNi forcing, the simulated contributions from NOy and NH, deposition are
5.1+ 0.76 Tg N yr' (19.2% + 2.9%) and 12.43 + 1.26 Tg N yr~' (42.17% =+ 3.6%) higher than those from
ACCMIP, respectively.

This limited sensitivity arises because, at the global scale and in natural ecosystems, the interannual variability in
nitrogen deposition is relatively small compared with its strong spatial gradients during the simulation period. As
aresult, the interpolation approach captures the dominant signal controlling long-term integrated N,O emissions.
This robustness also reflects the integrated long-term nature of soil nitrogen cycling, in which deposition rep-
resents second fraction of total nitrogen inputs, less than 10% compared with background emission and BNF.
Consequently, differences in the temporal resolution of the deposition data sets have only a minor influence on the
simulated global N,O budget.
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Figure 6. Temporal trends of global N,O emissions simulated using the HaNi and ACCMIP nitrogen deposition data sets for the period 1990-2023 (a), and
corresponding trends in NOy and NH, deposition from the two data sets (b).
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Figure 7. Comparison of annual N,O emission estimates (Tg N yr™") from literature studies and model simulations. Error bars indicate reported uncertainty ranges.

4. Discussion
4.1. Comparison With Other Studies

Our model estimates are broadly consistent with recent literature when compared under comparable land-cover
assumptions (Figure 7), although some discrepancies remain. Simulations using the ESA-CCI land cover yielded
global N,O production and emissions of 4.69 [3.21-4.95] and 4.40 [2.96-4.64] Tg N yr™', respectively. These
values fall toward the lower end of previously reported ranges but remain within the overall uncertainty bounds of
recent estimates based on contemporary land-use and land-cover conditions, including Tian et al. (2020, 2024; 5.6
[4.9-6.5] Tg N yr_1 and 6.4 [3.9-8.6] Tg N yr_l), but lower than estimates from Feng et al. (2025;
7.0 £2.0 Tg Nyr "), Bai et al. (2012; 10.2 + 3.0 Tg N yr™ "), and Harris et al. (2022; 12.6 + 1.2 Tg N yr™ "), and
higher than the machine learning studies from Zhuang et al. (2012; 3.77 [1.96-4.56] Tg N yr_l) and Liao et al.
(2023; 3 [0.6-18.3] Tg N yr~'). We calculated a global natural soil N,O estimate by multiplying their reported
mean emission rates by the global areas of forests and grasslands using a mean emission rate of
0.039 g N m~2 yr~! for forests (range: 0.009-0.184 g N m ™2 yr~") and 0.045 g N m~2 yr~! for grasslands (range:
0.006-0.336 g N m™2 yr'). Using a global forest area of 4.14 billion hectares (FAO, 2025a) and a grassland area
of 3.2 billion hectares (FAO, 2025b), this yields approximately 3 Tg N yr~' (range: 0.6-18.3 Tg N yr™!). The
PVM-based simulations produced higher values (6.59 and 6.34 Tg N yr™'), representing potential emissions
under idealized natural vegetation. The difference between the ESA-CCI and PVM-based estimates highlights the
strong sensitivity of modeled N,O fluxes to land-cover representation. Recent studies generally report global
natural soil N,O emissions in the range of 4-9 Tg N yr~! (e.g., Feng et al., 2025; Tian et al., 2020, 2024). Our
ESA-CClI-based estimates fall toward the lower end of this range, while the PVM-based results are closer to the
mid-to-upper portion. These differences largely reflect contrasting land-cover representations: the ESA-CCI
based simulations account for historical land-use changes and exclude managed lands, whereas the PVM-
based simulations represent potential natural vegetation under idealized conditions.
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In addition, these discrepancies likely stem from differences in model parameterization, input data, and repre-
sentation of key biogeochemical processes. Higher estimates from Bai et al. (2012) and Harris et al. (2022), which
are based on isotope modeling, highlight methodological differences across approaches. The lower estimates
reported by Zhuang et al. (2012) and Liao et al. (2023) may be attributed to differences in temporal coverage or
that process-based models capture additional climate sensitivities not fully represented in the observationally
trained machine learning models.

In our simulation, tropical regions contributed 70% of global N,O emissions, consistent with the latitudinal
gradient reported by Tian et al. (2019), which identified a single tropical peak accounting for 69% of global
emissions. This pattern is also supported by the artificial neural network study by Zhuang et al. (2012). Our
estimated tropical emission rate (0.114 + 0.006 g N m™2 yr~') closely matches Tian et al.’s value
(0.11 + 0.02 g N m™2 yr') but is approximately half the estimate reported by Feng et al. (2025;
021-028 g N m™> yr ). For grasslands, our simulation yielded much lower N,O emissions
(0.035 + 0.006 g N m™2 yr~') compared to Feng et al.’s range of 0.08-0.17 g N m~? yr~' across C; and C,
grasses, about half the lower bound of their estimate. However, our estimate is closer to the value reported by Liao
et al. (2023), which is 0.045 (0.006-0.336) g N m™2 yr_1 for grasslands.

4.2. Limitations and Future Directions

This study is subject to several limitations. First, model calibration and validation are restricted by the limited
spatiotemporal coverage of observational data sets, particularly in dryland regions such as Africa and the Middle
East (Figure S1 in Supporting Information S1). Expanding monitoring networks in these areas would improve the
representation of key drivers, such as soil moisture, temperature, and nitrogen availability that regulate N,O
emissions. Increased use of isotopic techniques (e.g., 5'°N) could also help distinguish microbial sources of N,O,
thereby enhancing our mechanistic understanding of the underlying processes. Strengthening the observational
infrastructure would reduce model uncertainties and improve nitrogen cycle representation.

Second, the model's 0.5° X 0.5° spatial resolution may not sufficiently capture the substantial heterogeneity in
landscape features and soil properties such as soil organic carbon and total nitrogen stocks. While we used 300-m
ESA-CCI land cover data for improved spatial detail, other inputs such as meteorology, soil, and topography
remained uniform within each grid. Higher-resolution modeling could enhance N,O estimates but at high
computational cost. Therefore, developing innovative approaches to balance spatial resolution and computational
efficiency is essential for future studies. Promising directions include knowledge-guided machine learning
methods (Liu et al., 2022) and machine learning—based meta-models (Aderele et al., 2025), which can approx-
imate complex biogeochemical processes at lower computational expense.

Third, using a monthly time step constrains the model's ability to capture short-term, high-impact events such as
extreme precipitation, which are increasingly recognized as important drivers of elevated N,O emissions due to
their strong influence on soil moisture dynamics and microbial processes (Chen et al., 2025). Such events can
disrupt hydrological regimes and biogeochemical cycles and boost greenhouse gas emissions (Hutchins
et al., 2019; Vereecken et al., 2022). Moreover, reanalysis data sets such as ERAS have demonstrated consid-
erable errors in representing extreme precipitation, especially in tropical regions and China (Jiang et al., 2021;
Lavers et al., 2022). These inaccuracies in meteorological inputs may further compound uncertainties in N,O
emission estimates, underscoring the need for bias-corrected climate forcing data sets in earth system modeling.

Fourth, our model does not account for perturbed fluxes resulting from land-cover change, which can cause
significant time-varying shifts in N,O emissions. The reduction in the calculated natural source is, however,
accompanied by a large and well-documented increase in anthropogenic emissions from agricultural soils
following land conversion. For instance, converting tropical forests to agriculture typically triggers a short-term
emission pulse lasting up to 5 years, followed by a decline below those of the original forest, especially if pastures
degrade or croplands are unfertilized (Davidson & Artaxo, 2004; Meurer et al., 2016). When abandoned farmland
transitions to secondary forest, emissions rise slowly but usually stay below those of mature forests or fertilized
fields (Davidson et al., 2007; Sullivan et al., 2019). Tian et al. (2024) modeled both the short-term increase in
emissions from the post-deforestation pulse effect and the long-term decrease associated with the reduction of
mature forest area. The combined effect of these transitions leads to a net reduction of approximately 0.5 Tg N,O
yr~!, equivalent to 7.7% of total natural soil N,O emissions. These dynamic effects remain unaccounted for in our
framework and should be integrated into future modeling to better capture land-use impacts on N,O fluxes.
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5. Conclusion

This study identifies a persistent rise in global N,O emissions from 1990 to 2023 (+0.021 Tg N yr™', p < 0.001),
with tropical ecosystems accounting for 70% of the total flux. Emissions based on remote sensing land cover
(ESA-CCI) were 30% lower than those using potential vegetation, highlighting how land use change, especially
the reduction of tropical forests to 44.5% of their potential extent, leads to significant underestimation in global
natural soil N,O emissions. This quantification underscores that the contribution of natural ecosystems to the
contemporary N,O budget is declining not only due to changes in climate and N deposition but also due to their
reduced physical extent. Accurately tracking this declining natural baseline is essential for attributing changes in
the global budget to specific anthropogenic drivers (e.g., fertilizer use vs. land cover change).

Despite robust trends, uncertainties remain, stemming from limited observational data, simplifications in model
structure, and biases in meteorological and land cover inputs. The coarse spatial and temporal resolution used in
this study likely mask short-term pulse emissions linked to extreme weather events. Future modeling efforts
would benefit higher-resolution simulations to better capture fine-scale variability and extreme event impacts.
Addressing these limitations requires (a) higher-resolution modeling to capture fine-scale and event-driven
variability and finer-resolution models to resolve short-term pulse emissions, (b) expanded use of isotopic
techniques to attribute microbial pathways, and (c) integration of dynamic, time-varying land-use and land-cover
changes into Earth system models.
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