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ABSTRACT: Summertime surface ozone in China has been increasing since
2013 despite the policy-driven reduction in fuel combustion emissions of
nitrogen oxides (NOx). Here we examine the role of soil reactive nitrogen (Nr,
including NOx and nitrous acid (HONO)) emissions in the 2013−2019 ozone
increase over the North China Plain (NCP), using GEOS-Chem chemical
transport model simulations. We update soil NOx emissions and add soil
HONO emissions in GEOS-Chem based on observation-constrained para-
metrization schemes. The model estimates significant daily maximum 8 h
average (MDA8) ozone enhancement from soil Nr emissions of 8.0 ppbv over
the NCP and 5.5 ppbv over China in June−July 2019. We identify a strong
competing effect between combustion and soil Nr sources on ozone production
in the NCP region. We find that soil Nr emissions accelerate the 2013−2019
June-July ozone increase over the NCP by 3.0 ppbv. The increase in soil Nr
ozone contribution, however, is not primarily driven by weather-induced increases in soil Nr emissions, but by the concurrent
decreases in fuel combustion NOx emissions, which enhance ozone production efficiency from soil by pushing ozone production
toward a more NOx-sensitive regime. Our results reveal an important indirect effect from fuel combustion NOx emission reduction
on ozone trends by increasing ozone production from soil Nr emissions, highlighting the necessity to consider the interaction
between anthropogenic and biogenic sources in ozone mitigation in the North China Plain.
KEYWORDS: Ozone trend, Soil emissions, Reactive nitrogen, GEOS-Chem model simulation, Interaction

1. INTRODUCTION
Ozone near the surface is an air pollutant detrimental to
human health and vegetation growth and is also a powerful
atmospheric oxidant and greenhouse gas.1−4 It is chemically
produced from nitrogen oxides (NOx = NO + NO2), carbon
monoxide (CO), and volatile organic compounds (VOCs) in
the presence of sunlight. These ozone precursors are emitted
from anthropogenic fuel combustion, including power plant,
industry, residential, and transportation sectors and also from
biogenic sources including soil and vegetation. Extensive
emissions of ozone precursors have led to severe summertime
ozone pollution in China, in particular the North China Plain
(NCP).5,6 Annual NOx emissions from fuel combustion in
China have been reduced by 22% from 2013 to 2019,7,8 but
the warm-season daily maximum 8 h average (MDA8) ozone
over major Chinese cities has increased by 2.4 (3.3 for the
NCP) ppbv year−1 in the same period, larger than reported
trends in any other region worldwide with an extensive ozone
monitoring network in the same period.9,10 These ozone
increases have been attributed to decreases in aerosol loading
and NOx concentrations and changes in meteorological
conditions.9,11−15 Here, we show that enhanced ozone
production from soil emissions of reactive nitrogen gases

(Nr, including NOx and nitrous acid (HONO)) with the
decrease in fuel NOx emissions serves as an important factor
contributing to the increasing summertime ozone in the NCP
region during 2013−2019.
Soil has been identified as an important source of Nr.

16−22

Nr emissions from soil are controlled by available soil nitrogen
content and edaphic conditions such as soil water content
(SWC) and temperature.16,17,19,22,23 The NCP region occupies
a large area of cultivated land (∼0.3 × 106 km2) that is
regularly treated with intensive chemical nitrogen fertilizers
and also receives extensive nitrogen deposition.24,25 The high
soil nitrogen content from both agricultural fertilizer input and
deposition have led to large soil Nr emissions in the
summertime.26−29 These soil emissions are conventionally
considered as biogenic sources, even though a large proportion
of them are originally from anthropogenic agriculture activities.
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A number of studies estimated significant episodic surface
ozone enhancement from soil NOx and/or HONO emissions
by up to 8 ppbv.12,22,30−33 Lu et al.34 pointed out a competing
effect between NOx emissions from fuel combustion and soil
on ozone formation in the NCP region, suggesting that soil
ozone contribution may vary with changes in NOx emissions
from fuel combustion. However, the role of soil Nr ozone
production in the observed increasing trends in surface ozone
in China has not been recognized.
In this study, we implement and improve the estimates of

soil Nr emissions over China in the chemical transport model
(CTM) GEOS-Chem on the basis of published observation-
constrained parametrization schemes. We validate the model
estimated soil Nr emissions with reported field measurements.
We then quantify the interactions between anthropogenic
(from fuel combustion) and soil Nr emissions on ozone
formation and, for the first time, explore the role of soil Nr
emissions in the observed increasing summertime (June−July)
ozone concentration in China and the NCP region during
2013−2019.

2. MATERIALS AND METHODS
2.1. GEOS-Chem Chemical Transport Model. We use

GEOS-Chem version 11-02-rc (https://github.com/
geoschem/geos-chem/releases/tag/v11-02-rc)35,36 to interpret
summertime ozone over China and explore the role of soil Nr
emissions. The model is driven by the Modern-Era
Retrospective analysis for Research and Applications, Version
2 (MERRA-2) assimilated meteorological fields.37 We conduct
nested-grid simulations over East Asia (60° to 150° E, −11° to
55° N) at 0.5°(latitude) × 0.625°(longitude) resolution, with
boundary conditions archived from consistent global simu-
lations at 2° × 2.5° resolution.
GEOS-Chem includes a state-of-the-art stratospheric and

tropospheric ozone-VOCs-NOx-aerosol-halogen chemical
mechanism,38−42 dry and wet deposition schemes for both
gases and aerosols,43−46 and a nonlocal scheme for boundary
layer mixing.47 We applied anthropogenic emissions from the
latest version of the Community Emissions Data System
inventory (CEDS v-2021-04-21),48 in which the 2013−2019
anthropogenic emissions over China are adjusted to be
consistent with the Multi-resolution Emission Inventory for
China (MEIC) inventory.7 Natural emissions of ozone
precursors, including biogenic VOCs,49 lightning NOx,

50 and
soil NOx emissions,

19,34 are calculated online through the
Harvard−NASA Emissions Component (HEMCO).51 We

improve the parametrization of soil NOx emissions and add
soil HONO emissions as described in Figure 1 and text below.

2.2. Modification to Soil NOx Emission Parametriza-
tion in GEOS-Chem. The default GEOS-Chem model
estimates soil NOx emissions (ESNOdx

) as a function of nitrogen
content and soil temperature and moisture following the
Berkeley−Dalhousie Soil NOx Parameterization (BDSNP)

19

E A N f T g P l( ) ( ) ( ) ( )
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where f(T) is formulated as
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Here, Navail represents available soil nitrogen mass, including
nitrogen from natural pool, fertilizer input, and deposition.
Abiome is the soil biome coefficient. f(T) and g(θ) are the
dependences of the soil temperature (T) and soil moisture (θ),
respectively. f(T) is an exponential function when the soil
temperature is between 0 and 30 °C and is constant when the
soil temperature exceeds 30 °C.16 P(ldry) represents the pulsing
emission when soil is rewetted after a long dry period, and ldry
is the dry spell length. CRF is the canopy-reduction factor and
denotes the NOx absorption by canopy. More details are
described in Hudman et al.19 and Lu et al.34

We follow Wang et al.52 to improve BDSNP to BDISNP, in
which “I” stands for Iowa, by better considering T dependence.
First, soil temperature in the BDSNP scheme is calculated
from 2m air temperature through empirical linear relationships
based on different types of soil and canopy.16 In BDISNP, we
directly obtain surface soil temperature data from the MERRA-
2 data sets. We find that the June−July mean soil temperature
is 1−3 °C lower than that derived from 2m air temperature for
most regions and 4−6 °C lower in Tibet in 2019 (Figure S1a).
Second, the BDSNP scheme indicates that soil NOx emissions
flatten at temperatures above 30 °C. However, recent field
experiments over high-temperature fertilized agricultural
regions have measured rapid increases in soil NOx emissions
even when temperatures increased to 40 °C.53 Thus, in
BDISNP, we modify the temperature dependence term f(T)
(Figure S1b) following Wang et al.52 as

Figure 1. Improvement of soil emissions of reactive nitrogen (Nr) in the GEOS-Chem model implemented in this study. Details are described in
sections 2.2 and 2.3.
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We present the June−July mean soil NOx emissions over
China in 2019 estimated from the BDISNP scheme in Figure
2b and the comparison to BDSNP scheme in Figure S2. We
focus on June and July because the soil NOx emissions in these
two months are the highest across the year due to higher
temperatures and frequent precipitation (Figure S3). As shown
in Figure S2, the soil NOx emissions calculated by BDISNP are
0.05 Tg N (27%) and 0.02 Tg N (45%) higher than those of
the BDSNP scheme in China and the NCP region,
respectively, due to the modification of f(T) that reflects
excessive emissions at high soil temperatures. The lower
emissions in Tibet and northeastern China are due to the
downward correction of soil temperature. We also compare in
Figure S2c and Table S1 our estimated soil NOx emissions
with the reported field estimates over China in 2002−2017
from the literature at the corresponding time and location. We
find that compared to the BDSNP scheme, the BDISNP
scheme improves the correlation coefficients between observed
and simulated soil NOx emissions from 0.85 to 0.88 and
slightly reduces the normalized mean bias from −67% to
−61% for all observations and from −61% to −53% for the
NCP region. However, there is still a substantial under-
estimation of soil NOx emissions from the BDISNP scheme
compared to the measurements, though this can be partly
attributed to representative issues when comparing flux at 0.5°
× 0.625° grids to single-point observations and uncertainties in
driven meteorological fields. Improving the spatial resolution
of soil NOx emission estimate is favorable because the soil NOx
emissions have substantial heterogeneity in spatial distribution
as shown in Lu et al.34

2.3. Implementation of Soil HONO Emissions in
GEOS-Chem. The default GEOS-Chem model includes the
chemical source of HONO (e.g., from NOx heterogeneous
chemistry54,55) but does not consider direct HONO emissions
from soil and traffic. Here we calculate hourly soil HONO
emissions on each model grid based on Zhang et al.30 and Wu
et al.56 in our GEOS-Chem simulation.
Zhang et al.30 estimated soil HONO emissions (ESHONO)

from different soil types as a function of soil temperature and
water content, based on laboratory experiments archived by
Oswald et al.:20

E F
E
R T T

f

(HONO) exp
1 1

(SWC)

SHONO N,opt
a

opt

i

k
jjjjjjj

i
k
jjjjjj

y
{
zzzzzz

y

{
zzzzzzz= ×

× (4)

Here, FN,opt(HONO) is the optimum HONO emission flux for
different soil types at a temperature of 298.15 K (Topt). The
soil samples used in the Oswald et al.20 estimation were
obtained from forest, pasture, grassland, wheat and cotton
fields, etc., including samples from the semiarid, fertilized, and
irrigated jujube field in China. In this way, the impact of
fertilization on soil HONO emissions has been partly
considered, even though it is simplified by using a constant
FN,opt(HONO) derived at the specified nitrogen content of the
soil at the time when the soil samples were collected.
Estimation of FN,opt(HONO) can be improved if measure-
ments of more soil samples are available. Ea (80 kJ mol−1) is
the activation energy of HONO, R (8.31 J mol−1 K−1)) is the

Figure 2. Nr emissions from soil and anthropogenic fossil fuel combustion in China in June−July. (a−c) Anthropogenic NOx emissions, soil NOx
emissions, and soil HONO emissions in 2019, respectively. The total emissions for the North China Plain (NCP) and China are shown in the
insets. The thick red line in (c) outlines the NCP region. (d, e) The 2013−2019 trends in emissions for China and NCP, respectively. Values in
parentheses denote relative changes from 2013 to 2019.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c01823
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01823/suppl_file/es3c01823_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01823/suppl_file/es3c01823_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01823/suppl_file/es3c01823_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01823/suppl_file/es3c01823_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01823/suppl_file/es3c01823_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01823?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01823?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01823?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01823?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c01823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


gas constant, T and SWC are soil temperature and soil water
content, respectively, and f(SWC) is the scaling function of soil
water content fitted based on field measurements as will be
described below.
Oswald et al.20 showed that f(SWC) typically peaked at 0−

40% soil water-holding capacity (WHC) but decreased rapidly
with higher water content because of the low gas diffusion rate
when soil became wet. Wu et al.56 recently reported that soil
could also release HONO at high water content (75−140%
WHC) due to extracellular denitrification and anaerobic nitrate
reduction under a low soil oxygen content condition,
suggesting a second peak of f(SWC) at high soil water
content. Wu et al.56 provided SWC expressed as %WHC and
as the ratio of water mass to soil mass, in units of %,
representing the relative saturation level of soil. Here we
obtained the SWC and corresponding HONO emissions
measured from soil samples archived in Wu et al.56 to fit
f(SWC) as a function of SWC expressed as the ratio of water
mass in soil mass (%) using Gaussian functions. The results are
shown in Figure S4, which reflect both the dry and wet peaks
of f(SWC).
The MERRA-2 reanalysis data set provides two parameters

that consistently describe soil moisture. One is SFMC in units
of m3/m3, representing the volume of water within the volume
of bulk soil in the topmost 0−5 cm surface layer; the other is
the ground wetness value GWETTOP (dimensionless),
representing the relative saturation of soil for the topmost
0−5 cm. A value of 1 of GWETTOP indicates a completely
saturated soil, and a value of 0 indicates a completely water-
free soil. Comparisons of the MERRA-2 SFMC with the
observation-constrained Soil Moisture of China by the In situ
data version 1.0 (SMCI1.0) data set57 and the ERA5 reanalysis
data set show a good consistency in the magnitude and spatial
patterns of soil moisture among all data sets with high spatial
correlation coefficients of 0.88−0.89 (Figure S5), suggesting
that the estimation of soil moisture in MERRA-2 is consistent
with other independent data sets. However, SMFC differs from
SWC in Wu et al.,56 as SFMC uses the volume of water, while
SWC in Wu et al.56 uses the mass of water. Therefore, we use
GWETTOP to represent SWC in units of % as an estimation
of the relative saturation level of soil and test its uncertainty to
the estimation of HONO emissions in the next paragraph. We
then calculate the hourly gridded soil HONO emissions with
the fraction of soil type of each model grid and the updated
f(SWC) using eq 4, with soil temperature and moisture
(GWETTOP) from the MERRA-2 data set.
Figure S6 compares our estimated soil HONO emissions

over China with Wu et al.,23 in which soil HONO emissions in
2017 were estimated by two independent bottom-up models
constrained by field observations. Our estimated total soil
HONO emissions in 2017 are 0.43 Tg N year−1 over China
and 0.09 Tg N year−1 over the NCP, comparable to 0.49 and
0.08 Tg N year−1 in Wu et al.23 The overall spatial patterns of
soil HONO emissions are also consistent, with high emissions
concentrated on the Sichuan Basin (SCB), central and eastern
China (including Hubei Province and the Yangtze River
Delta), and the NCP region, while there are fine-scale
differences in both the magnitude and spatial pattern in
these emission hot spots. In contrast, using the single dry peak
of f(SWC) leads to a large difference in soil HONO emissions
compared to Wu et al.23 We also show in Figure S6 and Table
S2 that our estimated soil HONO emissions are generally
comparable to reported field measurements (r = 0.71, NMB =

−33%). The discrepancies between the simulated and
measured flux reflect uncertainties in using GWETTOP to
represent SWC in the parametrization, uncertainties in soil
types mapping from Oswald et al.20 and Wu et al.56 to GEOS-
Chem, the simplified consideration of fertilizer impacts, and
the limited number of soil samples to estimate the relationship
between soil water content and HONO emissions. We find
that assuming an uncertainty of 20% in GWETTOP and its
representation of SWC in units of % leads to −12−19% and
4−22% differences in the estimated HONO soil emissions in
2017 over China and NCP compared to our base estimate,
respectively. More measurement studies are required to
provide better observational constraints on soil HONO
emission parametrization in CTMs.21,31

Figure 2 presents the Nr emissions from anthropogenic fuel
combustion and soil emissions in June−July. We note that we
do not include traffic HONO emissions due to the lack of
available emission inventory, and also because the traffic
HONO emissions are much smaller than those from soil and
contribute negligibly to the daytime HONO except for central
urban areas.55,58,59 For June−July 2019, the anthropogenic fuel
combustion NOx emissions, soil NOx emissions, and soil
HONO emissions over China are 1.12, 0.24, and 0.15 Tg N,
respectively. Specifically for the NCP region, the correspond-
ing emissions are 0.21, 0.08, and 0.04 Tg N. We find that the
soil Nr emissions account for 24% of total (soil plus fuel
combustion) Nr emissions in the NCP in 2013, but this ratio
substantially increases since 2013 to an exceptionally high
value of 35% in 2019, with the rapid decrease in combustion
sources and increase in soil NOx emission driven by increasing
soil temperature (Figure S7). We quantify the impacts of these
emission trends on surface ozone formation in the next section.

2.4. Model Configuration and Evaluation of Ozone
Simulation. Our BASE simulation applies the BDISNP
scheme for soil NOx emissions and implements soil HONO
emissions as described above. We conducted model simu-
lations in 2013, 2015, 2017, and 2019. For each year, we run
the BASE model driven by year-specific MERRA-2 meteorol-
ogy and emissions from March 1 to August 1 at the global
coarse 2° × 2.5° resolution, and the boundary conditions are
archived and used to drive the fine resolution simulation at
0.5° × 0.625° over East Asia from May 1 to August 1. The
results for June and July are analyzed.
The configurations of the sensitivity simulations in this study

are shown in Table 1. We conduct a DEFAULT simulation
using the BDSNP scheme for soil NOx emissions and no soil
HONO emissions. We also conduct simulations with Chinese
anthropogenic emissions and soil Nr emissions turned off
separately or jointly. This study intends to quantify the ozone
contribution from different sources and their interactions. To
investigate the effect of anthropogenic emission changes on
ozone production from soil Nr emissions, we also conduct
simulations with soil Nr emissions turned on/off with the
Chinese anthropogenic emissions fixed in 2013. The
simulation strategy for each sensitivity experiment is the
same as that for the BASE simulation except for the use of
emissions and the simulation year.
We evaluate the GEOS-Chem simulation with the surface

ozone observations from the Chinese National Environmental
Monitoring Centre (CNEMC) network (http://www.cnemc.
cn/en/), which monitors air pollutants over major cities in
China since 2013 and has expanded to over 300 cities since
2015. We implement data quality control measures to exclude
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unreliable hourly data following our previous study.10,60,61 As
shown in Figure 3a, the GEOS-Chem model captures the
spatial distribution of observed surface MDA8 ozone in June−
July well with a high spatial correlation coefficient (r) of 0.87
over all Chinese sites and reproduces the high surface ozone
values in the NCP with a small bias of 0.5 ppbv. However, this
small bias reflects the model overestimation of low ozone
values and underestimation of high ozone values (Figure S8).
The model also captures the temporal evolution of ozone for
major city clusters (Figure S9). In particular, the BASE

simulation with improved soil Nr emissions estimate better
captures the high ozone extremes in both China and the NCP
region compared to the DEFAULT simulation (Figure S8). In
terms of trends, the BASE simulation produces an increase in
surface ozone in the NCP region by 7.3 ppbv from 2015 to
2019, accounting for 43% of the observed ozone increases.
This reflects a common difficulty for current chemical
transport models to capture the large ozone increases in
China for recent years,14,55 likely due to uncertainties in the
driven anthropogenic emission inventory and meteorological
input, representative issues when comparing gridded model
results to observations at urban sites, and model limitation in
chemistry schemes.7,12,62,63 We also compare the simulated
HONO concentrations to observed values during June 2017 at
Wangdu, a rural county in the central NCP. The DEFAULT
model with no soil HONO emissions shows a large negative
bias of −74.8% to the observed HONO concentrations
averaged over the observation period. The BASE simulation
significantly improves the low bias to −8.2%, though the
simulation tends to overestimate daytime HONO concen-
trations (Figure S10).

3. RESULTS AND DISCUSSION
3.1. Ozone Contribution from Soil Nr Emissions.

Figure 3 examines the June−July mean contribution of soil
NOx, HONO, and their combined effects (soil Nr) on
summertime surface ozone over China in 2019, estimated by
the widely used “brute-force” method as the ozone difference
between the BASE simulation and noSNOx, noSHONO, and
noSNr simulations, respectively. An example for estimating the
soil Nr ozone enhancement can be expressed as

Table 1. Configurations of Model Simulations

model simulation
ID

Chinese
anthropogenic
emissions of all

species

soil NOx
emissions
(BDISNP)

soil
HONO
emissions

other
sourcea

BASE √ √ √ √
DEFAULTb √ √ (BDSNP) × √
noAntb × √ √ √
noSNOx

b √ × √ √
noSHONOb √ √ × √
noSNr √ × × √
noAntSHONOb × √ × √
noAntSNOx

b × × √ √
noAntSNr

b × × × √
Fix_Ant2013 √ (fixed in

2013 level)
√ √ √

noSNr_Ant2013 √ (fixed in
2013 level)

× × √

aIncludes anthropogenic sources from other countries, biogenic
VOCs emissions, etc. bDenotes that the model simulation was only
performed in 2019.

Figure 3. Surface ozone concentrations and contribution from soil Nr emissions in June-July 2019. (a) Observed (dots) and simulated (shaded)
surface MDA8 ozone. Mean values ± standard deviation and the spatial correlation coefficients (r) for NCP (red) and all Chinese observation sites
(black) are shown in the inset. (b−d) Actual ozone contribution from soil NOx, HONO, and Nr (NOx and HONO) emissions, i.e. ozone
contribution from soil in the presence of other sources, respectively. Also shown are the mean values ± standard deviation averaged over the model
grids.
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ozone ozone ozoneactualSNr Base noSNr= (5)

where the footnote of the terms on the right of the equation
denotes the model simulation ID (Table 1). All values
analyzed here are MDA8 ozone.
Equation 5 quantifies the actual ozone enhancement due to

soil Nr emissions in the presence of anthropogenic and other
sources of ozone precursors. Similarly, we can quantify the
actual anthropogenic ozone enhancement by the following
formula that is discussed later.

ozone ozone ozoneactualAnt Base noAnt= (6)

We find that soil NOx emissions enhance June−July mean
surface MDA8 ozone by 3.9 ppbv over China, with larger
contributions of up to 9 ppbv over northwest and southwest
China (Figure 3b). While soil NOx emissions are much higher
in the NCP region than those in the western part (Figure 2d),
the soil NOx ozone enhancements (4.2 ppbv) in the NCP are
comparable or even smaller. This reflects the nonlinear ozone
chemical production relative to NOx levels. Surface ozone
production is less sensitive to soil NOx emissions in the NCP
region due to the presence of high anthropogenic NOx
emissions,64,65 supported by the much lower modeled surface
H2O2 to HNO3 values as an indicator of ozone production
regime66 in the NCP region compared to western China
(Figure S11).
Soil HONO emissions produce ozone dominantly by

providing both NO and OH through its photolysis (HONO
→ NO + OH). We estimate that they enhance June−July
mean surface MDA8 ozone by 1.2 ppbv over China, 2.6 ppbv
over the NCP region, and 3−7 ppbv over the SCB and Hubei
Province (Figure 3c). Compared to soil NOx emissions, ozone
enhancement from soil HONO emissions is generally smaller,
reflecting the smaller amounts of emissions, while the spatial

patterns of ozone enhancement are more consistent with those
of emissions (Figure 2c). This is because, unlike soil NOx
emissions, the hot spots of soil HONO emissions are with less
intensive anthropogenic NOx emissions and thus ozone
production there is more sensitive to NOx. In addition, OH
produced from soil HONO emissions increases the atmos-
pheric oxidation capacity and promotes ozone production
(Figure S12).
Figure 3d examines the combined effect of soil NOx and

HONO emissions on surface ozone in China (ozoneactualSNr).
Soil emissions of Nr led to ozone enhancement of 5.5 ppbv
over China (8.1% of the total simulated MDA8 ozone) and 8.0
ppbv (9.5%) over the NCP region. We find that the soil Nr
ozone enhancements are 0.4 and 1.2 ppbv larger than the
additive ozone enhancement from soil NOx and HONO
emissions when averaged over China and the NCP region,
respectively (Figure S13). This may reflect that HONO
emissions provide extra OH radicals to promote NOx
conversion to ozone, which aggregates ozone production
from additive NOx and HONO emissions. We also find that
soil Nr emissions may contribute to daily MDA8 ozone
enhancement by up to 15 ppbv in episodes with high
temperatures (Figure S9), suggesting their significant role in
episodic ozone pollution events.

3.2. Competing Effect of Anthropogenic and Soil
Emissions of Nr. ozoneactualSNr estimated in Figure 3d includes
not only the pure contribution of soil emissions to ozone in a
near-natural condition (e.g., with natural biogenic emissions
but no anthropogenic emissions) but also the synergistic effect
with anthropogenic emission sources.12,67,68 Quantifying the
interaction between soil and anthropogenic emissions is of
particular interest because it identifies whether the presence of
soil Nr emissions boosts or suppresses the contribution of

Figure 4. Actual vs pure ozone contribution from anthropogenic and soil Nr emissions to surface ozone and their interactions. (a, b) The pure
ozone contribution from anthropogenic and soil Nr emissions, i.e. ozone enhancement due to anthropogenic or soil Nr emissions in the absence of
the other source, respectively. (c) Actual anthropogenic emissions to ozone. (d) Synergistic effect of anthropogenic and soil Nr emissions. Also
shown are the mean values ± standard deviation averaged over the model grids. See the text for the definition and derivation.
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ozone from existing anthropogenic emissions. Here we
separately quantify ozone enhancement purely due to soil
emissions and due to the synergistic effect between soil NOx
and anthropogenic emissions.
Let us assume that ozonepureSNr represents ozone enhance-

ment purely due to soil Nr emissions in natural conditions and
that ozonepureAnt represents ozone enhancement purely due to
anthropogenic emissions in the presence of other natural
sources but no soil Nr emissions. ozonepureSNr and ozonepureAnt
can be expressed as

ozone ozone ozonepureSNr noAnt noAntSNr= (7)

ozone ozone ozonepureAnt noSNr noAntSNr= (8)

where ozonenoAntSNr denotes ozone concentration in a natural
condition without both soil Nr emissions and anthropogenic
sources.
Ozone concentrations in the BASE simulation can then be

expressed as

ozone ozone ozone ozone

ozone

Base noAntSNr pureSNr pureAnt

synergistic

= + +

+ (9)

in which ozonesynergistic represents ozone concentrations from
the synergistic interactions between the soil Nr emission and
anthropogenic emissions which have not been accounted for in
neither ozonepureSNr nor ozonepureAnt.
We can alternatively describe ozone concentrations in the

BASE simulation as

ozone ozone ozone ozone

ozone
Base noAntSNr actualSNr actualAnt

synergistic

= + +

(10)

in which ozonesynergistic has been counted by twice in
ozoneactualSNr and ozoneactualAnt.
Analyses of eqs 5−10 can yield the quantitative ozonesynergistic

as

ozone ozone (ozone ozone )

ozone

synergistic Base noAnt noSNr

noAntSNr

= +

+ (11)

Figure 4 presents the actual and pure ozone enhancement from
anthropogenic and soil Nr emissions, and the synergistic effect
between the two (ozonesynergistic) in 2019. We find that
ozonesynergistic is −5.7 ppbv averaged over all model grids in
China and is much larger in the NCP of −20.3 ppbv and in the
SCB of −15.1 ppbv. The negative values of ozonesynergistic imply
that the interactions between anthropogenic and soil Nr
emissions mutually suppress ozone production from each
source when the other source is included, by pushing the
ozone chemical sensitivity toward a less NOx-sensitive regime.
This competing effect as a result of synergistic interactions can
be further seen from the large reduction of 37% averaged over
China (52% in the NCP region) from the pure anthropogenic
ozone enhancement of 15.6 ppbv (39.3 ppbv) when soil Nr
emissions are not considered to the actual anthropogenic
ozone enhancement of 9.9 ppbv (19.0 ppbv). A similarly large
reduction of 51% in China (72% in the NCP region) is found
from pure soil ozone enhancement to the actual soil ozone
enhancement. The larger ozonesynergistic values in the NCP and
SCB regions reflect their higher emissions from both sources.
This synergistic effect to suppress ozone formation between
the soil Nr and anthropogenic emissions is significantly

different from that between the biogenic vegetation and
anthropogenic emissions, which tends to boost ozone
formation by providing extra VOCs.67,69 The large synergistic
effect also highlights the need to include soil Nr emissions for
accurate attribution of the ozone source in chemical models.34

3.3. Contribution of Soil Nr Emissions to 2013−2019
Ozone Trends. The strong competing effect between
anthropogenic and soil Nr emissions on surface ozone
formation indicates that long-term trends in soil ozone
enhancements are influenced not only by trends in the amount
of soil Nr emission but also by concurrent changes in
anthropogenic NOx emissions. Here we examine how the
ozone contribution from soil Nr emissions responds to an
increase in soil Nr emissions and change in anthropogenic
emissions in NCP 2013−2019 as shown in Figure 2e.
Figure 5 shows the trends in simulated surface MDA8 ozone

and actual soil Nr induced ozone enhancement in June−July

2013−2019 averaged over the NCP region. Our BASE
simulation driven by year-specific meteorology and emissions
shows an ozone increase of 5.2 ppbv in this period. The
sensitivity simulation with soil Nr emissions excluded from the
model yields an ozone increase of 2.2 ppbv, indicating that the
presence of soil Nr emissions accelerates surface ozone
enhancement over the NCP region by 3.0 ppbv. The difference
in ozone trends between the two simulations can also be
interpreted as an increase in soil Nr ozone contribution by 60%
from 5.0 ppbv in 2013 to 8.0 ppbv in 2019. It highlights that
the increase in ozone from soil Nr emissions is an important
factor contributing to the 2013−2019 ozone trends in the
NCP region that has not been recognized before.
We further examine whether the 3.0 ppbv ozone increase

from soil in 2013−2019 over the NCP region is motivated by
the weather-driven increase in soil emissions or by the
concurrent decrease in anthropogenic emissions (mainly
featured by 25% and 4% decreases in June−July NOx and

Figure 5. Soil Nr emissions accelerate ozone increases in the North
China Plain. The figure shows simulated ozone trends with all sources
(black solid line), trends without soil Nr emissions (gray solid line),
and trends contributed by soil Nr emissions (red solid line, right y
axis). Also shown are the simulated ozone trends with anthropogenic
emissions fixed in the 2013 level (gray dashed line) and the
corresponding soil Nr ozone contributions (red dashed line, right y
axis). The colored circles denote surface H2O2/HNO3 ratio in each
simulation as an indicator of ozone chemical regime. The values
denote ozone change in 2019 compared to 2013 level in different
scenarios.
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VOCs emissions). For this purpose, we conduct another
sensitivity simulation (Fix_Ant2013) for 2013−2019 by fixing
Chinese anthropogenic emissions in the 2013 level but with
year-specific meteorology (and thus soil emissions). The
results show that it reproduces a slightly larger ozone increase
of 6.0 ppbv compared to 5.2 ppbv in the BASE simulation
(Figure 5). The corresponding soil Nr ozone enhancement,
with anthropogenic emissions fixed at the 2013 level, yields a
much smaller increasing trend in 2013−2019 (0.8 ppbv higher
in 2019 compared to the 2013 level), even with the same
meteorology and increases in soil emissions as in the BASE
simulation (Figure 5). The comparison thus clarifies that the
2013−2019 ozone increases from soil are mainly due to
enhanced ozone chemical production in a more NOx-sensitive
regime with a decrease in anthropogenic NOx emissions from
fuel combustion, while weather-driven trends in soil emissions
contribute little to the ozone trend when the anthropogenic
NOx level was at a relatively high value (e.g., at the 2013 level).
The above analyses reveal a significant role of soil emissions

in modulating surface ozone trends via their interactions with
anthropogenic emissions. This interaction can be also viewed
from the perspective of the anthropogenic ozone contribution.
The difference in ozone trends between the BASE and
Fix_Ant2013 simulations (5.2 vs 6.0 ppbv increase from 2013
to 2019) suggests that the decrease in fuel combustion NOx
emissions since 2013 leads to a slight ozone decrease in 2013−
2019 over the NCP region, but this trend largely reflects the
regional compensation between the increase over the
industrialized Beijing−Tianjin region and the decrease in
other regions in the NCP (Figure S14). Previous studies have
been focusing on the impact of changes in anthropogenic NOx
and VOCs emissions on ozone production efficiency and
aerosol loading which affects ozone formation through the
aerosol sink of radicals and photolysis.11,14 Our analyses show
that the 2013−2019 changes in anthropogenic emissions have
also caused an indirect effect on ozone by increasing ozone
production from soil Nr emissions. It further highlights the
need to consider interactions between anthropogenic and
biogenic soil emissions in ozone pollution mitigation.

4. IMPLICATIONS
We have estimated in this study the role of soil Nr emission in
the level and trend of surface ozone in China, with a focus on
the NCP region because of high soil Nr and anthropogenic
emissions. We show that with an updated scheme of soil Nr
emissions, our GEOS-Chem model simulation estimates
significant ozone enhancement from soil emissions of reactive
nitrogen by 5.5 ppbv over China and 8.0 ppbv over the NCP
region averaged over June−July in 2019, both accounting for
about 10% of the total ozone. We identify a strong competing
effect between anthropogenic and soil Nr emissions on ozone
formation over China that mutually suppresses ozone
production from each source by 5.7 ppbv over China and as
much as 20.3 ppbv over the NCP region. We further show that
the presence of soil Nr emissions accelerates the 2013−2019
June−July surface ozone increase over the NCP region by 3.0
ppbv. The enhanced soil Nr ozone contributions are mainly
driven by the concurrent decreases in NOx emissions from fuel
combustion, which enhance the ozone production efficiency
from soil by pushing ozone production toward a more NOx-
sensitive regime, rather than by increases in soil Nr emissions
with increasing soil temperature. However, we note that
uncertainties in both anthropogenic and soil emission

estimates as well as the model’s inability to capture the full
observed ozone trend may impact the quantitative estimate of
soil ozone enhancement and their 2013−2019 trends. More
direct measurements of soil Nr fluxes are crucial to better
constrain soil emissions and improve the parametrization in
CTMs.70

Our study thus reveals an important role of soil Nr emissions
in modulating the surface ozone trend over China and
discloses an indirect effect of anthropogenic NOx emission
reduction on ozone by increasing ozone production from soil
Nr emissions. It highlights that the interaction between
different ozone sources (e.g., from anthropogenic vs biogenic
soil) should be considered in ozone mitigation policy design.
As sharper NOx reduction from fuel combustion is still being
implemented in China, ozone contribution from soil Nr
emissions may become even greater and be more sensitive to
a future warming climate. Coordinated control of VOCs
emissions and/or management of soil Nr emissions by
improving the efficiency of nitrogen fertilizer application34

may be effective to reduce ozone production from soil
emissions.
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