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Abstract. China’s Clean Air Action (CAA) plan implemented since 2013 has significantly altered atmospheric
composition, and yet its impact on the terrestrial carbon sink remains unclear. This study employed the Re-
gional Earth System Model (RegESM), an online-coupled climate—chemistry—ecosystem modeling framework,
to quantify the impacts of aerosols, surface ozone (O3), and nitrogen deposition on China’s net ecosystem pro-
ductivity (NEP) from 2010 to 2020. The results show that aerosols enhanced China’s NEP by 17.93 TgC yr~!
(4.49 % of the total NEP), primarily by increasing diffuse radiation, with the most pronounced effects in South-
ern and Eastern China. Nitrogen deposition further increased NEP by 37.98 TeCyr~! (9.52 %), concentrated
in Central and Southern regions. In contrast, O3 pollution reduced NEP by 51.33 TgCyr~! (12.90 %), particu-
larly in the forest-dominated Southeast. The positive impacts of aerosols and nitrogen deposition on the carbon
sink weakened over time, whereas the negative influence of O3 was increasing. The combined effects indicate
that CAA-induced atmospheric chemistry changes led to a shift in the dominant atmospheric drivers of China’s
terrestrial carbon sink, from enhancement by aerosols and nitrogen deposition to suppression by ozone. Our find-
ings highlight the need for stronger O3 pollution control to achieve co-benefits between air-quality improvement
and carbon neutrality.

Published by Copernicus Publications on behalf of the European Geosciences Union.

a|ollJe yoJessay




5926

1 Introduction

Terrestrial ecosystems act as major carbon sinks, sequester-
ing atmospheric carbon dioxide (CO;) through plant photo-
synthesis, and constitute a fundamental natural process for
mitigating global climate change (Friedlingstein et al., 2023;
Piao et al., 2013; Yuan et al., 2025). Under ongoing global
warming, the dynamics of carbon sinks are regulated not
only by climatic factors such as temperature and precipita-
tion (Cao et al., 2023; Post et al., 2018; Ren et al., 2020),
but also by variations in atmospheric composition (Zhou et
al., 2021). Among these, aerosols, O3, and atmospheric ni-
trogen deposition have been identified as key atmospheric
pollutants affecting terrestrial carbon sequestration (Liu et
al., 2022; Zhou et al., 2024). As a crucial component of the
global carbon cycle, terrestrial ecosystems in China sequester
approximately 0.20-0.25 PgC yr~!, playing an essential role
in supporting the achievement of the national carbon neutral-
ity target (Piao et al., 2022; Xia et al., 2025; Yue et al., 2021).
Therefore, assessing the responses of carbon sinks to multi-
ple atmospheric composition changes is of great scientific
significance for understanding both the global carbon cycle
and climate feedback mechanisms.

Aerosols influence vegetation photosynthesis and carbon
sequestration primarily through radiative forcing (Shu et al.,
2022; Zhou et al., 2022). Aerosol scattering and absorption
reduce surface solar radiation and can suppress vegetation
photosynthesis (Doughty et al., 2010; Kuniyal and Gule-
ria, 2019). In the meantime, enhanced diffuse radiation in-
creases light use efficiency of plants, leading to the diffuse
fertilization effect (Gu et al., 2003; Mercado et al., 2009).
Aerosols also influence cloud microphysics by modifying
droplet formation and lifetime, which further affects regional
precipitation and water availability for vegetation (Li et al.,
2020; Unger et al., 2017). Consequently, the net effect of
aerosols on photosynthesis exhibits marked spatial hetero-
geneity, with both enhancement and suppression reported in
highly polluted regions such as eastern China (Strada and
Unger, 2016; Wang et al., 2018; Xie et al., 2020).

In addition, near-surface O3z impairs plant carbon up-
take through direct physiological damage (Lei et al., 2022;
Unger et al., 2020). O3 enters leaves through stomata and in-
duces reactive oxygen species at the cellular level, leading
to degradation of photosynthetic pigments, suppressed Ru-
bisco activity, premature leaf senescence, and defoliation, all
of which inhibit photosynthetic carbon assimilation (Wittig
et al., 2007). Evidence from O3-FACE (free-air O3 concen-
tration enrichment) experiments shows that a 10 ppb increase
in O3 concentration can lower crop productivity by 5 %—15 %
(Feng et al., 2015). In China, summertime O3 peaks often
coincide with the peak growing season of vegetation, partic-
ularly in the North China Plain and the Yangtze River Delta,
posing a notable threat to regional carbon sequestration (Lei
et al., 2022; Li et al., 2024; Yue et al., 2017).
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Furthermore, atmospheric nitrogen deposition is a major
external nitrogen source for terrestrial ecosystems and ex-
erts both positive and negative effects on carbon sinks (Chen
et al., 2015; Lu et al., 2021). In nitrogen-limited systems,
such as temperate forests and grasslands, moderate deposi-
tion can enhance photosynthesis and biomass accumulation,
thereby increasing carbon sequestration (Cen et al., 2025; Lu
et al., 2016; Peng et al., 2025). When inputs become exces-
sive, however, they can induce soil acidification, biodiversity
loss, and broader ecosystem degradation, a condition known
as nitrogen saturation (Chen et al., 2015; Yue et al., 2016).
China receives some of the highest nitrogen deposition lev-
els globally, with annual averages of 15-20kg Nha~! yr~!
and hotspots surpassing 30kgNha~! yr~!, raising increas-
ing concerns about long-term ecological impacts (Liu et al.,
2022, 2013; Yu et al., 2019).

China has long faced the dual pressures of severe air pollu-
tion and growing greenhouse gas emissions (Tu et al., 2019;
Wang et al., 2024). Rapid economic expansion in the early
2010s was accompanied by persistent increases in fine partic-
ulate matter (PM; 5) concentrations (Hao et al., 2020). Since
2013, successive Clean Air Action Plans have led to a sub-
stantial decline in PM, 5 levels (Xue et al., 2019; Yue et al.,
2020; Zheng et al., 2018). At the same time, near-surface
summertime O3 has risen sharply (Liu et al., 2018; Zhou et
al., 2024), while nitrogen deposition has slowed in growth
but remains at a high level (Liu et al., 2024). These changes
not only reflect the outcomes of emission control policies but
also reshape the regional atmospheric chemical environment,
potentially exerting complex and combined effects on carbon
sinks (Liu et al., 2022; Zhou et al., 2024). The rapid transi-
tion in atmospheric composition during 2010-2020 provides
an unprecedented large-scale natural experiment for disen-
tangling the relative roles of aerosols, O3, and nitrogen de-
position in altering China’s carbon sink. However, most ex-
isting studies have examined these drivers in isolation, relied
on offline or statistical frameworks that cannot capture dy-
namic climate—chemistry—ecosystem feedbacks, and rarely
compared responses across ecological regions (Unger et al.,
2020; Yue et al., 2017; Zhou et al., 2024).

Here, we employ an improved regional climate—
chemistry—ecosystem online-coupling model, RegESM (Xie
et al., 2024; Zhang et al., 2025), to quantify the impacts of
aerosols, Oz, and nitrogen deposition on China’s terrestrial
carbon sinks during 2010-2020. RegESM incorporates two-
way interactions among climate, atmospheric chemistry, and
biogeochemical processes and has been extensively evalu-
ated over East Asia (Ma et al., 2023; Xie et al., 2024, 2020;
Zhang et al., 2025). Our objective is to isolate the contri-
butions of individual atmospheric components to changes in
China’s carbon sinks based on RegESM after its assessment
using multiple observational datasets. These results offer
new insight into the ecological consequences of rapid atmo-
spheric composition changes and provide a scientific foun-
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dation for coordinated multi-pollutant control and ecosystem
management under China’s carbon-neutrality goals.

2 Data and Methods

2.1 The RegESM model

In this study, we employed the RegESM, an improved exten-
sion of the RegCM-Chem-YIBs regional climate—chemistry—
ecosystem modeling framework (Xie et al., 2024, 2019;
Zhang et al., 2025). The original RegCM-Chem-YIBs cou-
ples the RegCM4 regional climate model (Giorgi et al.,
2012), the radiative interactive gas-phase chemistry module
Chem (Shalaby et al., 2012), and the YIBs terrestrial ecosys-
tem model (Yue and Unger, 2015) to represent interactive
processes among atmospheric dynamics, chemistry, and ter-
restrial carbon cycles (Xie et al., 2024). Building upon this
foundation, RegESM strengthens two-way feedback among
the atmosphere, atmospheric chemistry, and land surface
processes, enabling a more realistic simulation of biogeo-
chemical cycles (Zhang et al., 2025). The enhanced cou-
pling allows land surface changes, such as vegetation dy-
namics and soil moisture variations, to more directly influ-
ence atmospheric composition, radiation, and meteorology,
while atmospheric and chemical variations simultaneously
affect ecosystem processes (Xie et al., 2024; Zhang et al.,
2025). This bidirectional integration improves the model’s
capability to capture transient and spatially heterogeneous
climate—ecosystem—chemistry interactions, which are crucial
for regional climate change and carbon budget assessments
(Zhang et al., 2025).

The RegESM framework used in this study integrates
RegCM4 as the dynamical core for simulating regional cli-
mate processes at a high resolution, the Chem module for
interactive gas-phase and aerosol chemistry coupled with ra-
diation and meteorology, and the YIBs land surface model
for calculating biophysical processes such as photosynthesis,
transpiration, and energy balance, along with biogeochemi-
cal cycles of carbon and nitrogen (Giorgi et al., 2012; Shal-
aby et al., 2012; Xie et al., 2024; Yue and Unger, 2015). In
RegESM, the influence of atmospheric nitrogen deposition
on terrestrial carbon fluxes is represented through the on-
line coupling between the chemistry and land components.
Atmospheric nitrogen deposition is calculated online by the
chemistry component as dry and wet deposition fluxes of
reduced and oxidized nitrogen (NH, and NO,), which are
then passed to the land component as external nitrogen in-
puts. These inputs affect soil inorganic nitrogen availabil-
ity and subsequently influence plant productivity, ecosystem
respiration, and net ecosystem productivity. Therefore, the
effect of nitrogen deposition on carbon fluxes is represented
as the integrated result of nitrogen input and land biogeo-
chemical processes, rather than as a simple linear fertilization
effect. These components are linked through an improved
coupling mechanism that ensures the consistent exchange
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of meteorological, chemical, and biogeophysical variables at
each model timestep, enabling fully interactive simulations
in which land, atmosphere, and chemistry evolve in a physi-
cally coherent manner (Xie et al., 2024; Zhang et al., 2025).
This model has been widely applied in East Asia (Xie et al.,
2025, 2019; Zhang et al., 2025, 2024).

We used net ecosystem productivity (NEP) as an indicator
for characterizing carbon sources and sinks (NEP > 0 sug-
gests a carbon sink). NEP was calculated as the difference
between gross primary production (GPP) and the sum of au-
totrophic respiration (Ra) and heterotrophic respiration (Rh)
(Xie et al., 2025; Yue et al., 2021). It is noteworthy that the
NEP estimated in this study does not account for lateral car-
bon transfers.

2.2 0Ozone Damage Scheme

Once surface O3 enters plants through the stomata, it directly
damages plant cellular structures and suppresses the photo-
synthetic rate, thereby reducing vegetation productivity. In
the YIBs vegetation module of the RegESM model, a semi-
mechanistic parameterization scheme is employed to repre-
sent the impacts of O3 on plants (Sitch et al., 2007; Yue and
Unger, 2015):

B = B - K (D

where B denotes the photosynthetic rate under O3 exposure,
By represents the total leaf photosynthetic rate, and K is
the remaining proportion of photosynthetic capacity after O3
stress. This proportion is determined by the stomatal O3 flux
that exceeds a specified threshold:

K =1—-b-max[(Kozm — Koznerit) » 0] (2)

where b denotes the vegetation sensitivity parameter to
O3 derived from observational data. Kozncrir represents the
threshold of O3-induced damage to vegetation, and K, de-
notes the O3 flux entering the leaf through stomata:

om=—— 3)

where [O3] denotes the O3 concentration at the canopy top,
rp is the boundary layer resistance, ko, is the ratio of O3
leaf resistance to water vapor blade resistance, and rg is the
stomatal resistance accounting for the effects of O3:

ro=g K 0)
gs denotes the leaf conductance unaffected by O3 exposure.
By simultaneously solving Eqs. (2), (3), and (4), a quadratic

term with respect to K is obtained, which can be solved ana-
Iytically.
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2.3 Experimental design and input data

The simulation domain covers most of East Asia (Fig. S1
in the Supplement), centered at 36°N and 107° E. The hori-
zontal resolution is 30 km, with 18 vertical layers. To quan-
tify the independent contributions of aerosol, Oz damage,
and atmospheric nitrogen deposition to China’s terrestrial
carbon sink during 2010-2020, four sensitivity experiments
were conducted (Table 1): a baseline simulation without
these effects (Base), and three single-factor cases that en-
abled only aerosol (Ctrl_AOD), O3-induced vegetation dam-
age (Ctrl_O3), and nitrogen deposition impacts (Ctrl_Ndep).
In the Ctrl_AOD experiment, aerosols were fully coupled to
meteorology, so that the direct aerosol radiative effect and the
associated meteorological responses were represented in the
simulations, while aerosol indirect effects through cloud pro-
cesses were not included. The difference between each sen-
sitivity case and the Base run represents the corresponding
individual effect. All simulations were preceded by a one-
year spin-up to reduce the influence of initial conditions. To
further assess regional responses, China was divided into six
representative subregions (Fig. S2), and statistical analyses
were performed for each.

The initial and boundary meteorological fields were taken
from the ECMWF (European Centre for Medium-Range
Weather Forecasts) ERA-Interim reanalysis with a temporal
resolution of 6h and a horizontal resolution of 1.5° x 1.5°
(Dee et al.,, 2011a; Hersbach et al., 2020). Aerosol ini-
tial and boundary conditions were provided by the global
chemical transport model (MOZART) (Emmons et al., 2010;
Horowitz et al., 2003). Background CO, fields were con-
strained by three-dimensional concentrations from NOAA
CarbonTracker (CT) reanalysis (Peters et al., 2007). The ini-
tial parameters for the YIBs model were derived from soil
carbon stocks based on equilibrium tree height and a 30-
year harvest cycle (Yue and Unger, 2015). Vegetation cover
was prescribed from MODIS and AVHRR (Advanced Very
High Resolution Radiometer) datasets (Lawrence and Chase,
2007). Anthropogenic emissions in China were taken from
the Multi-resolution Emission Inventory for China (MEIC)
(Geng et al., 2024; Li et al., 2017; Zheng et al., 2018).

2.4 Validation data

We employed monthly mean aerosol optical depth (AOD)
data from the MODIS sensor onboard NASA’s Terra satel-
lite (MODO08_M3.061). The data have a spatial resolution of
1° x 1° and are retrieved using three algorithms: the Dark
Target, Deep Blue, and combined approaches (Levy et al.,
2013). Ground-level O3 observations were obtained from
366 monitoring stations operated by the China National En-
vironmental Monitoring Center (CNEMC). To evaluate the
model’s capability in simulating atmospheric nitrogen depo-
sition, we employed publicly available datasets (Liu et al.,
2024; Zhu et al., 2025). These datasets integrate observa-
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tions with model outputs to provide nitrogen deposition esti-
mates at both global and regional scales over China. To as-
sess the reliability of simulated CO,, we used observations
from the World Data Centre for Greenhouse Gases (WD-
CGQG). This dataset provides measured surface atmospheric
CO; concentrations and was used to evaluate the model’s
ability to reproduce observed CO; levels. For the spatial dis-
tribution of CO,, we additionally used CO> concentration
fields from CT (Peters et al., 2007). For GPP and net primary
production (NPP) validation, we used the global MODIS
products MOD17A2H and MOD17A3H (Collection 6). The
GPP data, at 8 d resolution, were derived using the radiation
use efficiency algorithm, while NPP (NPP = GPP — Ra) data
were produced by annually accumulating GPP values, with
a spatial resolution of 500 m (He et al., 2018; Madani et al.,
2014).

2.5 Analytical Approach

Aerosol-induced meteorological changes are highly interde-
pendent, making it challenging to isolate their individual ef-
fects on terrestrial carbon cycling. To quantify the relative
contributions of these meteorological responses to vegeta-
tion carbon fluxes, we applied a multiple linear regression
framework. Standardized regression coefficients were used
to assess the relative influence of each climate variable. This
approach has been widely demonstrated as effective for dis-
entangling the impacts of multiple environmental drivers on
ecosystem processes (Jung et al., 2017; Xie et al., 2025;
Zhang et al., 2024).
The regression model is expressed as follows:

AY = Ap x AXRP A, x AxRadF
A3 X AX3™ Ay x AX,P
+As x AXYPP ¢ 5)

where AY denotes the difference in terrestrial carbon flux
between the simulations Base and Ctrl_AOD, respectively.
AXRaID A XRadF A TP A XTI and AXYPP denote the
differences in direct radiation, diffuse radiation, temperature,
precipitation, and vapor pressure deficit (VPD) between the
simulations Base and Ctrl_AOD, respectively. A; represents
the partial regression coefficient for different meteorological
factors, indicating the sensitivity of carbon flux to variations
in these factors. ¢ is the residual term of the regression model.
We use the following equation to calculate the standardized
regression coefficient B; for comparing the relative impacts
of different meteorological factors:

B; = A; x SD(AX;)/SD(AY) (6)

where SD (A X;) and SD(AY) represent the standard devia-
tions of the changes in each meteorological factor and carbon
flux, respectively. B; quantifies the relative contribution of
different meteorological factors to variations in carbon flux.
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Table 1. Numerical model experiments.
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Simulations  Periods Aerosol direct O3 damage Atmospheric
radiative effect nitrogen deposition

Base 2010-2020  off off off

Ctrl_AOD 2010-2020 on off off

Ctrl_O3 2010-2020  off on off

Ctrl_Ndep 2010-2020  off off on

This approach enables a quantitative assessment of the indi-
vidual impacts of changes in each meteorological factor in-
duced by aerosol radiative effects on terrestrial carbon flux.

3 Results

3.1 Model validations

3.1.1 Aerosols, surface ozone, and atmospheric
nitrogen deposition

We assessed the RegESM performance by comparing the
2010-2020 simulations with multi-source observations. Sim-
ulated AOD showed good agreement with MODIS prod-
ucts in both spatial distribution and magnitude (Fig. 1a, b).
High AOD values are located over the North China Plain
and the Sichuan Basin, consistent with dense anthropogenic
emissions in these regions (Luo et al., 2014). The observa-
tions indicate that the national mean AOD decreased from
0.36 in 2010 to 0.28 in 2020, driven by air quality improve-
ment policies. We calculated statistical metrics, including
the correlation coefficient (R), mean bias (MB), and root
mean square error (RMSE), to evaluate the model perfor-
mance (Fig. S3). The RegESM captures this trend with a
correlation coefficient (R) of 0.71. However, compared with
monthly MODIS AOD, the model shows a minor underesti-
mation (MB = —0.02), which can be attributed primarily to
uncertainties in the anthropogenic emission inventories (Xie
et al., 2020). Surface O3 simulations reproduce both spa-
tial patterns (Fig. 1c, d). The correlation with site observa-
tions reaches 0.72 (Fig. S4). High concentrations in the North
China Plain, the Yangtze River Delta, and the Sichuan Basin
are captured well, highlighting the model’s skill in simulat-
ing O3 fields. The simulated annual mean atmospheric nitro-
gen deposition flux ranges from 20 to 40kgNha~!yr~! in
eastern agricultural and urban areas, consistent with reported
values of 25-35kgNha~!yr~! (Fig. le, f). The simulated
national mean of 15.09kg Nha~! yr—! is close to the dataset
range of 13.45-15.39 kg Nha~! yr~!. The model also repro-
duces the observed decline after the implementation of air
pollution control policies in 2013, with a gradual decrease af-
ter 2015 (Fig. S5). These evaluations indicate that RegESM
reliably simulates AOD, O3, and nitrogen deposition fields
across China.

https://doi.org/10.5194/acp-26-5925-2026

3.1.2 Atmospheric CO» concentrations, GPP, and NPP

Simulated CO; concentrations were compared with six sta-
tions from the WDCGG. The correlation coefficients range
from 0.83 to 0.96 (Table S1 in the Supplement). The YON
site shows the best agreement (R = 0.96, MB = —1.10 ppm),
likely due to minimal influence from terrestrial emissions. In
contrast, HKG and HKO show larger biases, with overesti-
mates of 3.1 ppm (R = 0.83) and 3.3 ppm (R = 0.84), prob-
ably linked to unaccounted variability in urban sources in
monthly inventories. Nevertheless, the seasonal cycle is re-
produced well at all sites (Fig. S6).

We further compared simulated CO, with the Carbon-
Tracker CT2022 assimilation dataset (Peters et al., 2007).
The spatial correlation coefficient reaches 0.72 (Fig. 2a, b).
High CO, concentrations appear over the Beijing—Tianjin—
Hebei region, the Yangtze River Delta, the Pearl River
Delta, and the Sichuan Basin, consistent with intense indus-
trial emissions. The model slightly overestimates values in
the Pearl River Delta, likely due to underrepresented local
sources and complex topography. Overall, RegESM effec-
tively captures the spatial distribution of CO, concentrations.

Simulated GPP agrees well with MODIS in spatial distri-
bution (Fig. 2c, d), with a spatial correlation of 0.89. How-
ever, GPP from this study is larger than MODIS GPP by
7.4 %, with largest differences in Central (11.6 %) and South-
east China (5.7 %). Other studies also found that MODIS
GPP was underestimated at high values (Xie et al., 2019;
Zhang et al., 2012). The southeast-to-northwest decreasing
gradient is reproduced, with high values over regions dom-
inated by forest ecosystems. The seasonal cycle of GPP is
also captured (Fig. S7). The simulated NPP exhibits a spa-
tial distribution consistent with the MODIS (Fig. 2e, f), with
a spatial correlation coefficient of 0.86. Similar to GPP, the
model overestimates NPP by 8.4 %, mainly due to the overes-
timation in Central (14.3 %) and Northeastern (6.2 %) China.
These results confirm the model’s ability to represent terres-
trial carbon fluxes.

Atmos. Chem. Phys., 26, 5925-5945, 2026
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Figure 1. Annual mean AOD (a, b), maximum daily 8 h average (MDAS) O3 (¢, d), and Atmospheric nitrogen deposition (e, f) from model

simulation (a, ¢, e) and observations (b, d, f).

3.2 Impacts of Aerosols on Meteorology and Carbon
Sinks
3.2.1 Impacts of Aerosols on Meteorological Factors

During 2010-2020, the aerosol exerted a substantial influ-
ence on China’s surface radiation and near-surface climate
(Fig. 3). Nationally, aerosol scattering reduced downward
direct solar radiation by 8.81 Wm™2 and increased its dif-
fuse component by 3.04 Wm™2, resulting in a net decrease
of 5.77 W m~2 in total downward shortwave radiation at the
surface. Spatially, these radiative changes were most pro-
nounced over major urban agglomerations such as the North
China Plain, the Yangtze River Delta, and the Sichuan Basin,
coinciding with regions of high AOD associated with inten-
sive anthropogenic emissions. These results are consistent
with previous modeling and satellite-based analyses (Wang

Atmos. Chem. Phys., 26, 5925-5945, 2026

et al., 2017; Xie et al., 2020), confirming the robustness of

the simulated radiative forcing patterns.

The reduction in surface solar radiation directly perturbed
the regional energy balance and atmospheric thermodynam-
ics, resulting in a cooling effect over most of eastern and
central China. As shown in Fig. 3d, surface air tempera-
ture decreased significantly in the Sichuan Basin and coastal
regions, with local maxima reaching —1.10°C. In con-
trast, western and northeastern China experienced weaker
changes, consistent with lower AOD levels. The simulated
national mean temperature decline of 0.32°C agrees well
with previous RegCM-based studies (Wang et al., 2015; Xie
et al., 2020). This widespread cooling is primarily attributed
to aerosol-induced dimming, which suppresses surface short-
wave absorption and weakens boundary-layer turbulence,
thereby inhibiting vertical heat exchange and reducing near-
surface temperatures.
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Figure 2. Annual mean CO; (a, b), GPP (c, d), and NPP (e, f) from model simulation (a, ¢, e) and observations (b, d, f).

Aerosol also exerted a marked influence on regional hy-
drological processes. Precipitation decreased across much
of southern and southwestern China, with notable reduc-
tions in Guangdong, Fujian, Yunnan, and Sichuan provinces,
where daily rainfall decreased by up to 2mmd~! (Fig. 3e).
On average, national precipitation declined by 0.23mmd~!.
The reduction in rainfall reflects the combined effects of ra-
diative cooling and weakened convective activity. Specifi-
cally, aerosol-induced surface dimming stabilizes the lower
atmosphere and suppresses the upward transport of mois-
ture, while reduced latent heating further limits convective
cloud formation. These mechanisms together explain the
widespread drying observed in the simulations.

The VPD, a key indicator of plant water stress, also re-
sponded sensitively to aerosol forcing. As shown in Fig. 3f,
aerosols significantly reduced VPD over central and south-
eastern China, with decreases of —0.30 to —0.60hPa, and
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locally up to —1.20 hPa in Sichuan, Hebei, and Jiangsu. The
national mean reduction was —0.11 hPa. Lower VPD values
imply a moister near-surface environment and weaker atmo-
spheric demand for evapotranspiration. Ecologically, this al-
leviation of plant water stress can enhance stomatal conduc-
tance and facilitate photosynthetic carbon uptake, thereby
partially compensating for the productivity loss caused by
reduced solar radiation. Thus, the aerosol-induced decline
in VPD represents an important indirect pathway through
which aerosols modulate the terrestrial carbon cycle, linking
atmospheric radiative forcing to ecosystem function.

3.2.2 Effects of Aerosols on the Terrestrial Carbon Sink

During 2010-2020, the aerosol overall enhanced the produc-
tivity of China’s terrestrial ecosystems, increasing GPP and
NEP by 293.28 and 17.93 TgC yr~', accounting for 3.98 %

Atmos. Chem. Phys., 26, 5925-5945, 2026
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deficit.

and 4.49 % of the national totals, respectively. Aerosols also
increased Rh by 182.44 TgC yr~! over China, indicating that
part of the aerosol-induced carbon sink enhancement was
offset by enhanced soil carbon decomposition. Spatially, the
responses of GPP and NEP to the aerosol radiative effect dis-
played significant heterogeneity, with the most pronounced
enhancements occurring in South Central and East (Fig. 4a,
b), where GPP increased by 0.32 and 0.31 gCm~2d~!, re-
spectively. These regions are characterized by dense forests
and cropland ecosystems with high leaf area index, en-
abling them to fully exploit the additional diffuse radia-
tion induced by aerosols. Meanwhile, the high aerosol load-
ing in these regions ensured sufficient radiative perturba-
tion, amplifying the improvement in canopy light-use ef-
ficiency. The spatial pattern of aerosol-induced Rh (Fig.
S10a) further shows notable increases in southern China,
broadly consistent with the regions of enhanced ecosys-
tem productivity, suggesting that greater carbon input to
soils likely stimulated microbial decomposition and partially
counteracted the NEP gain. In the Southwest, the response
was more complex. Although the mean GPP increased by
0.20gCm~2d~", parts of Yunnan showed a negative effect.
This reduction likely results from excessive attenuation of
solar radiation under the region’s unique topographic and
climatic conditions, which constrained photosynthetic activ-
ity. Nevertheless, NEP in this region remained positive (ap-
proximately 0.01 gCm~2d~"), suggesting that the cooling
effect of aerosols substantially suppressed ecosystem respi-
ration, thereby compensating for the reduced photosynthe-
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sis. In contrast, the North and Northwest exhibited weak
positive responses (< 0.07 gCm™2d~!), while the Northeast
showed slight inhibition (—0.04 gCm~2d~!), probably due
to aerosol-induced cooling delaying the onset of the grow-
ing season. Overall, the spatial patterns of GPP and NEP re-
sponses to the aerosol radiative effect show a clear latitudi-
nal gradient: the humid, high-biomass ecosystems in south-
ern and eastern China are most sensitive to diffuse radiation
enhancement, whereas the high-latitude and arid regions ex-
perience limited or even negative responses due to tempera-
ture and radiation constraints.

From 2010 to 2020, the influence of aerosols on car-
bon fluxes exhibited distinct interannual variability (Fig. 4c,
d). Both GPP and NEP showed an upward trend before
2016, with GPP increasing from 214.66 TgCyr~! in 2010
to 384.00 TgC yr~—! in 2016, and NEP rising from 13.54 to
21.31 TgCyr~'. The synchronous growth of GPP and NEP
indicates that the aerosol radiative effect enhanced terrestrial
carbon uptake mainly through photosynthetic activity. The
strong enhancement during 2015-2017 coincided with years
of high aerosol loading and a greater proportion of diffuse
radiation, which improved canopy light-use efficiency under
humid and cloudy conditions. After 2018, the positive effect
weakened slightly and stabilized at a lower level. This re-
duction likely reflects the combined influence of cleaner at-
mospheric conditions and changing meteorological patterns,
including increased direct radiation and a reduced diffuse
fraction. Year-to-year variations were further modulated by
hydroclimatic conditions: higher humidity and cloud cover
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enhanced aerosol scattering efficiency, while drier or cleaner
years favored direct radiation and weakened the diffuse light
advantage. Moreover, the smaller NEP fluctuations com-
pared to GPP imply a delayed response of ecosystem respira-
tion, as aerosol-induced cooling moderates’ respiration more
gradually than photosynthesis. Overall, the interannual vari-
ability of GPP and NEP responses to the aerosol radiative
effect highlights the coupled influences of aerosol loading,
radiation balance, and regional climate variability on China’s
terrestrial carbon sink dynamics.

The effects of aerosols on GPP and NEP show pro-
nounced seasonal variation (Fig. S8), driven by the dynamic
coupling between vegetation phenology and environmental
factors. In spring (March—-May), aerosols increase GPP by
42.35TgC (14.4 %) and NEP by 2.82TgC (15.7 %), mak-
ing a notable contribution at the start of the growing sea-
son as rising temperatures and rapid canopy expansion en-
hance diffuse radiation benefits, improving light-use effi-
ciency; meanwhile, moderate cooling suppresses respiration
without causing thermal stress, further boosting NEP. In sum-
mer (June—August), positive effects peak, with GPP rising by
173.62TgC (59.2 %) and NEP by 10.15TgC (56.6 %); un-
der high solar radiation and full canopy closure, diffuse light
penetration reaches its maximum, while cooling alleviates
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heat stress and reduces respiration, driving NEP to its an-
nual maximum. In autumn (September—November), aerosols
add 88.38TgC to GPP (30.1%) and 3.95TgC to NEP
(22.0 %), effectively extending the photosynthetic period as
shorter days and reduced total radiation increase the pro-
portion of diffuse light, sustaining carbon storage. In winter
(December—February), GPP declines slightly (—11.07 TgC,
—3.8 %), but NEP shows a small positive gain (1.01 TgC,
5.6 %) because cooling strongly suppresses respiration, off-
setting reduced photosynthesis. Overall, aerosol radiative ef-
fects regulate seasonal carbon cycling by modifying radiation
and thermal conditions. The net impact depends on the trade-
off between the fertilization effect of diffuse radiation and the
opposing effects of reduced total radiation and cooling. Sum-
mer emerges as the primary driver of the annual net positive
effect. Accurately quantifying this seasonal dynamic is cru-
cial for assessing the ecological and climatic consequences
of anthropogenic aerosols.

3.2.3 Contributions of Meteorological Factors to Carbon
Sink Changes

We quantified the independent contributions of aerosol-
induced meteorological changes to carbon fluxes using the
multiple linear regression analysis described in Sect. 2.5
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(Fig. 5a, b). Overall, aerosol substantially influenced China’s
terrestrial carbon uptake by altering radiation composition
and meteorological conditions. At the national scale, the in-
crease in diffuse radiation emerged as the dominant posi-
tive driver, contributing to GPP (325.07 TgC yr—!) and NEP
(11.46 TgC yr~1). This highlights the crucial role of the dif-
fuse radiation fertilization effect, particularly in regions with
high aerosol loading across eastern and southwestern China,
where enhanced diffuse light improves canopy light distri-
bution and photosynthetic efficiency. In contrast, the reduc-
tion in direct radiation suppressed GPP (94.78 TgC yr~!) and
NEP (2.59 TgC yr~!) due to insufficient illumination, though
the impact on NEP was weaker, reflecting partial offset by
the reduction in ecosystem respiration under aerosol-induced
cooling. Cooling alone reduced GPP by 59.62 TgC yr~! and
NEP by 4.73TgCyr~!. This decline in NEP occurred be-
cause the decrease in GPP (driven by reduced transpiration
and stomatal conductance) outweighed the concurrent reduc-
tion in ecosystem respiration. Meanwhile, lower VPD en-
hanced GPP by 114.44 TgC yr~! and NEP by 8.25 TgC yr~!
by alleviating water stress, reinforcing photosynthetic car-
bon uptake. Changes in precipitation played only a mi-
nor role, slightly reducing GPP (8.17 TgCyr~—!) and NEP
(0.62 TgC yr~ 1), with limited influence even in the monsoon
regions of southern China. These findings indicate that vari-
ations in radiation components, rather than hydrometeoro-
logical perturbations, serve as the primary pathway through
which aerosols modulate terrestrial carbon sinks.
Regionally, among these factors, diffuse radiation ex-
erted the strongest positive influence on GPP across all re-
gions, particularly in the Southwest (115.92 TgC yr~!), East
(67.04 TgCyr~!), and South Central (93.08 TgC yr~!) China
(Fig. 5a, b). Enhanced diffuse light under elevated aerosol
loading improved the vertical distribution of photosyntheti-
cally active radiation within the canopy and increased pho-
tosynthetic efficiency. In contrast, direct radiation consis-
tently exhibited negative effects, most evident in the south-
west (42.32 TgCyr~—!) and east (22.92 TgC yr~!), indicating
that aerosol-induced solar dimming partly offset the diffuse
radiation fertilization benefit. Temperature changes associ-
ated with aerosol cooling suppressed GPP nationwide, espe-
cially in the Southwest (29.07 TgC yr~!) and South Central
(16.19 TgC yr~!), by lowering canopy temperature and re-
ducing evapotranspiration. The contributions of precipitation
were minor (1 to 3 TgCyr~!), while VPD exerted a positive
effect, particularly in humid Southwest (55.76 TgCyr~!),
suggesting that aerosol-induced cooling and moistening al-
leviated water stress and indirectly promoted carbon up-
take. For NEP, diffuse radiation remained the dominant
positive driver, with the largest increases in the Southwest
(4.06 TgC yr_l) and south-central (3.35TgC yr‘l) China,
while direct radiation continued to exert negative effects. The
temperature effect was moderate but consistent with GPP,
implying that aerosol cooling simultaneously suppressed
photosynthesis and respiration, with a net positive outcome
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for NEP. Taken together, these spatial contrasts highlight the
combined effects of aerosol composition, vegetation struc-
ture, and regional hydroclimate, emphasizing that radia-
tive forcing dominates in humid, high-biomass ecosystems,
whereas climatic constraints prevail in arid zones.

To further clarify the dominant controls of these spatial
differences, we identified the primary meteorological drivers
of GPP and NEP based on the standardized regression coef-
ficients (Fig. Sc, d, and Table 2). The results indicate that
for GPP, diffuse radiation accounts for the largest propor-
tion (77.83 %), followed by vapor pressure deficit (9.27 %)
and direct radiation (8.4 %), while the influence of tem-
perature (4.45 %) and precipitation (0.05 %) is relatively
small. For NEP, diffuse radiation remains the dominant driver
(72.20 %), followed by direct radiation (15.92 %) and tem-
perature (5.64 %). These results highlight that aerosols mod-
ify the radiation composition, particularly by enhancing dif-
fuse radiation, which substantially increases photosynthetic
efficiency and strengthens the regional carbon sink. In con-
trast, the effects of temperature and VPD are weaker over-
all but more pronounced in northern arid and semi-arid re-
gions, where water limitation constrains carbon uptake. Col-
lectively, these findings confirm that radiation composition
primarily controls the spatiotemporal dynamics of China’s
terrestrial carbon sink, while temperature and moisture fac-
tors exert region-dependent modulations.

3.3 Effects of surface ozone on carbon sinks

During 2010-2020, surface Oz in China increased and
imposed a persistent suppression on terrestrial carbon
sinks. Simulations show a strong reduction of GPP by
0.4-0.6gCm~2d~! in most regions, with more than
0.8 gCm~2d~! in Southeast and Southwest China (Fig. 6a).
NEP shows a similar spatial pattern (Fig. 6b). The largest de-
cline occurs in the southeast (Yangtze River basin and South
China coast), with NEP reduced by 0.06-0.08 gCm~2d~!
and locally above 0.1 gCm~2d~!, consistent with high O3
and evergreen broadleaf forests (Yue et al., 2017). In the
southwest (Sichuan Basin and Yunnan—Guizhou Plateau),
NEP decreases by 0.03-0.06 gCm~2d~!, related to com-
plex terrain and dense forests. Impacts are weaker in North-
east and Northwest China, mostly below 0.02gCm~2d~!.
In Shandong, Henan, and northern Jiangsu, the simulated
losses are small, reflecting cropland-dominated land cover.
However, earlier studies reported strong O3 effects on crops
(Ren et al., 2012), suggesting possible underestimation.
This bias may stem from the simplified crop representa-
tion in the model (Fig. S2). Nationwide, O3z reduces GPP
and NEP by 749.44 and 51.33TgCyr~!, accounting for
10.17 % and 12.90 % of the totals. O3 also decreased Rh by
288.17 TgCyr~!, with the strongest reductions occurring in
eastern and southern China (Fig. S10b). This indicates that
the Oz-induced suppression of ecosystem carbon uptake was
partly offset by a concurrent decline in heterotrophic respi-
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Table 2. Proportion of dominant meteorological factors for GPP and NEP across China (Units: %).

Factors RadD (%) RadF (%) Temp (%) Precip (%) VPD (%)
GPP 8.40 77.83 4.45 0.05 9.27
NEP 15.92 72.20 5.64 0.14 6.10

ration. This pattern suggests that reduced photosynthesis and
carbon allocation under O3 stress decreased litter input and
belowground carbon supply, thereby limiting microbial sub-
strate availability and weakening soil carbon decomposition.
The suppression is attributed to reduced photosynthesis, al-
tered stomatal conductance, and shifts in carbon allocation,
which together weaken ecosystem sinks.

The annual effect intensifies until 2018 and then weak-
ens (Fig. 6¢). In 2010, O3 reduces NEP by 42.93 TgCyr~!,
reaching 55.71 TgCyr~' in 2018. It then decreases to
51.98 TgCyr~! in 2019 and 51.77 TgCyr~! in 2020. These
variations reflect air pollution control policies. Between 2013
and 2017, the first Clean Air Action reduced PM; 5 and
NO, but left volatile organic compounds (VOCs) largely un-
controlled, thereby enhancing O3 formation, especially in
VOCs-limited regions (Lu et al., 2020). Both model and ob-
servations show higher O3 during this stage (Fig. S4). After
2018, the second Clean Air Action introduced coordinated
control of NO, and VOCs in the Yangtze River Delta and
Pearl River Delta, reducing O3 during summer and easing
sink suppression in 2019-2020. In contrast, O3 continued
to rise in North China, indicating uneven policy outcomes
across regions.

Seasonal effects are distinct (Figs. 6d and S9). Sum-
mer shows the strongest suppression, with NEP reduced
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by 29.10TgC (56.69 % of the annual effect). This results
from the overlap of peak O3z and peak photosynthesis, when
high temperature and humidity keep stomata open and al-
low O3 uptake. Spring is second, with NEP reduced by
11.67 TgC (22.74 %). The effect is linked to leaf expansion,
rapid growth, and frequent transport events. Autumn and
winter show weaker impacts due to lower photosynthesis, un-
favorable O3 chemistry, and reduced stomatal conductance.
Regional differences are evident: in the south, suppression
extends from spring to late autumn, while in the north it is
confined to summer. This highlights the role of climate and
phenology in modulating the impact of O3 on carbon sinks.

3.4 Effects of atmospheric nitrogen deposition on
carbon sinks

The response of China’s terrestrial ecosystems to atmo-
spheric nitrogen deposition during 2010-2020 shows pro-
nounced spatial heterogeneity (Fig. 7a, b). At the na-
tional scale, nitrogen deposition increased GPP and NEP
by 668.88 and 37.98 TgC yr~!, respectively. These increases
account for 9.08% of total GPP and 9.52% of total
NEP. Atmospheric nitrogen deposition also increased Rh by
297.26 TgCyr~! over China, indicating that the nitrogen-
induced enhancement of carbon uptake was accompanied

Atmos. Chem. Phys., 26, 5925-5945, 2026
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by stronger soil carbon decomposition. The net gains were
mainly concentrated in the southeastern, southwestern, and
central regions. In these areas, NEP increased by 0.04-
0.08 gCm~2d~", forming the dominant contribution to the
nitrogen-induced carbon sink. Although atmospheric nitro-
gen deposition is highest in eastern China (Fig. 2e, f), the
regional variations in GPP and NEP induced by nitrogen de-
position are more pronounced in southern China than in the
east. The strong spatial gradient highlights that the ecologi-
cal effects of nitrogen deposition are not uniform, but tightly
linked to anthropogenic nitrogen emissions and ecosystem
sensitivity (Shang et al., 2024). High responses were ob-
served in regions with intensive agriculture and industry,
where deposition exceeded 15kgNha~!yr~!. Vegetation
dominated by subtropical evergreen broadleaf forests, mixed
forests, and croplands is generally nitrogen-limited. Addi-
tional nitrogen input alleviated nutrient constraints, enhanced
photosynthesis and biomass accumulation, and shifted soil
microbial processes. The spatial pattern of Rh (Fig. S10c)
also shows pronounced positive responses in southern China,
consistent with the regions of strong nitrogen-induced car-
bon uptake. This suggests that enhanced plant production and
carbon input to soils stimulated microbial decomposition, so
that the final NEP gain reflects the balance between increased

Atmos. Chem. Phys., 26, 5925-5945, 2026

NPP and increased Rh rather than a simple linear fertilization
effect. When stimulation of GPP and NPP outweighed the in-
crease in ER, NEP rose. Warm and humid climates, together
with long growing seasons, further amplified these effects.

The impacts of nitrogen deposition on GPP and NEP var-
ied strongly over time (Fig. 7c, d). In 2010, deposition en-
hanced NEP by 36.45TgCyr~!. The effect increased to a
peak of 42.50 TgC yr~! in 2012, but then declined, reaching
34.65 TgC yr~! by 2020. This trajectory reflects the influence
of China’s air pollution control policies on ecosystem carbon
dynamics. The temporal trend corresponds to changes in ni-
trogen deposition fluxes. Between 2010 and 2012, rapid in-
dustrialization and agriculture raised deposition from 15.85
to 17.91 kgNha=! yr=! (+13 %). After 2013, emission re-
duction policies reduced nitrogen deposition, which fell to
13.25kgNha~!yr=! in 2020 (—26.02 %). Notably, the ef-
fect of nitrogen deposition on NEP leveled off after 2015,
which can be attributed to the slower decline rate of atmo-
spheric nitrogen deposition since 2015 (Fig. S5). The reduc-
tion in NEP (—18.47 %) was smaller than that in nitrogen
input. This lagged response suggests that soil nitrogen pools
accumulated from long-term deposition continued to supply
nitrogen to vegetation, buffering the decline.
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(c—d) Interannual variation of Ndep-induced in GPP and NEP.

The influence of nitrogen deposition on NEP displayed
clear seasonality (Fig. 8). Strong positive effects occurred
in summer and spring, whereas autumn and winter showed
overall suppression at the national scale. Summer accounted
for the largest gain, with an NEP increase of 27.16 TgC.
Spring followed with 14.12TgC. In contrast, autumn and
winter reduced NEP by 0.20 and 3.10TgC, respectively.
These seasonal differences result from the combined in-
fluence of multiple factors. During summer, optimal tem-
perature, light, and water supported vigorous canopy pho-
tosynthesis. Plants assimilated nitrogen efficiently, leading
to higher GPP and biomass accumulation. Spring growth
stages were also nitrogen-sensitive, producing strong posi-
tive responses. In autumn and winter, however, plant activity
slowed. Nitrogen inputs mainly stimulated heterotrophic res-
piration, while GPP and NPP remained low. As a result, NEP
decreased, and carbon sink strength weakened outside the
growing season. However, the negative response in autumn
and winter was not spatially uniform. Positive NEP anoma-
lies were still evident in parts of the eastern Qinghai—Tibet
Plateau and western Sichuan, especially in autumn (Fig. 8c),
whereas in winter this signal became much weaker and more
localized (Fig. 8d). This spatial heterogeneity likely reflects
the combined effects of persistent nitrogen limitation and
weak heterotrophic respiration responses under cold, high-
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elevation conditions. In these regions, low temperatures con-
strain soil decomposition more strongly, so the stimulation
of heterotrophic respiration by additional nitrogen is lim-
ited. Meanwhile, alpine grasslands, shrublands, and montane
forests may still maintain some residual photosynthetic activ-
ity during the late growing season, allowing deposited nitro-
gen to support carbon uptake. As a result, nitrogen deposition
can still enhance NEP locally in autumn, even though most
other regions show seasonal carbon sink weakening.

3.5 |Integrated Impact Analysis

To assess the combined influence of aerosols, O3, and at-
mospheric nitrogen deposition on China’s terrestrial car-
bon sink, the three independent effects were algebraically
summed. During 2010-2020, the co-evolution of these atmo-
spheric factors jointly drove substantial interannual variabil-
ity and stage-dependent changes in carbon uptake, closely
linked to the implementation of the CAA plan. The interan-
nual trend (Fig. 9) shows that although aerosols and nitro-
gen deposition generally enhanced carbon sequestration, the
strong carbon loss caused by O3 largely offset these posi-
tive effects. The mean net effect was 4.58 TgC yr~!, exhibit-
ing pronounced fluctuations and a declining trend. Net en-
hancement was strong in the early years of the decade but
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Figure 8. Spatial distribution of Ndep-induced seasonal variations in NEP during 2010-2020 (units: gC m~—2d~1). (a) Spring, including
March, April, and May. (b) Summer, including June, July, and August. (¢) Autumn, including September, October, and November. (d)

Winter, including January, February, and December.

weakened steadily and approached neutral levels by 2018-
2020, when a slight negative value (—0.14 TgC yr™') first ap-
peared. These changes indicate a gradual transition from an
enhancement-dominated to an inhibition-dominated regime.

To further interpret this transition, the study period was
divided into three phases according to key CAA milestones,
and the dominant factors were identified (Fig. 9a). In
pre-CAA (2010-2013), the mean annual net effect reached
8.22TgCyr~!, characterized by nitrogen-deposition-
dominated enhancement. Nitrogen deposition provided the
largest positive contribution (+39.47 TgCyr~!), while the
diffuse-radiation fertilization effect of aerosols offered a
secondary gain (416.08 TgCyr~!). The negative impact
of O3 (—47.33 TgCyr~') was largely compensated by the
two positive drivers, resulting in a pronounced increase
in carbon sink strength. This stage corresponded to rela-
tively high emissions of aerosol and nitrogen precursors,
which maintained elevated aerosol loading and nitrogen
deposition, while O3 pollution had not yet reached the
stronger suppressive level observed in later years. During
CAA Phase I (2014-2017), the mean net effect decreased
sharply to 3.50 TgC yr—!, marking a transitional stage with
competing influences. The positive effect of aerosols peaked
(+19.22 TgC yr~ "), likely because aerosol changes during
this period were more favorable for diffuse-radiation fertil-
ization, despite the concurrent declines in both scattering
and absorbing aerosols. However, this gain was largely offset
by intensified Os-induced inhibition (—53.80TgCyr~').
This phase coincided with strong reductions in emissions
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of SO,, PM5 5 and NO, under the first Clean Air Action
(Fig. S11), which substantially altered atmospheric com-
position. Although declining aerosol loading weakened the
total radiative perturbation, the remaining aerosol conditions
still supported a strong diffuse-radiation effect. Meanwhile,
insufficient VOCs control favored O3z formation in many
regions, thereby amplifying Os-induced suppression of
the carbon sink. In CAA Phase II (2018-2020), the mean
net effect further declined to 1.19 TgCyr~!, forming an
Osz-dominated pattern. This stage was associated with
further declines in aerosol concentrations and nitrogen
deposition under continued emission reductions, which
weakened their positive contributions to NEP. At the same
time, the coordinated control of NO, and VOCs in key
regions partly alleviated O3 pollution, but this improvement
was not sufficient to reverse the dominant suppressive role
of O3 at the national scale. Overall, the stage-dependent
changes in the net carbon sink effect were broadly consistent
with the temporal evolution of anthropogenic emissions
during 2010-2020 (Fig. S11), highlighting the strong
imprint of CAA-related emission controls on the bal-
ance among aerosols, O3, and nitrogen deposition. With
continued emission control, the aerosol-induced enhance-
ment decreased from its peak (+18.66TgCyr~!), and the
nitrogen-deposition gain weakened (435.68 TgCyr—1).
Although O3 suppression slightly eased (—53.15 TgC yr— 1),
it still nearly balanced the combined positive contributions,
indicating a fundamental shift in atmospheric drivers
controlling China’s terrestrial carbon sink.
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Figure 9. The overall impacts of aerosols, O3, and atmospheric nitrogen deposition on the terrestrial carbon sink in China during 2010—
2020. (a) Interannual variations of the combined effects. Pre-CAA represents the period before the implementation of the Clean Air Action
(2010-2013); CAA Phase I and CAA Phase II represent the first (2014-2017) and second (2018-2020) stages of the CAA, respectively.
(b—-d) Spatial distributions of the annual means during the Pre-CAA, CAA Phase I, and CAA Phase II periods.

The spatial overlay further supports these findings (Fig.
9b, ¢, d). In forested and industrialized regions of eastern and
southern China, the cancellation between positive and neg-
ative effects was most pronounced. These areas, benefiting
from nitrogen and aerosol fertilization but suffering from in-
tense O3 pollution, became hotspots of weakened or even re-
versed net effects. Overall, the CAA plan not only improved
air quality but also altered atmospheric composition in ways
that substantially affected China’s terrestrial carbon sinks.
Policy-driven emission changes transformed the system from
a nitrogen—aerosol-enhanced regime to an O3-dominated off-
set pattern. These results suggest that achieving synergistic
benefits between air-quality improvement and carbon neu-
trality requires elevating O3 mitigation to a higher strategic
priority.

3.6 Uncertainties

Although the RegESM framework captures the overall spa-
tiotemporal variations of China’s terrestrial carbon sink in
response to atmospheric composition changes, several un-
certainties remain that may influence the quantitative assess-
ment of the individual and combined effects of aerosols, O3,
and nitrogen deposition.

First, this study only considered the direct radiative ef-
fects of aerosols, while aerosol—cloud interactions were ex-
cluded. The first and second indirect effects of aerosols on

https://doi.org/10.5194/acp-26-5925-2026

cloud formation and albedo involve large uncertainties (Hay-
wood and Boucher, 2000) and were therefore not represented
in our simulations. However, observations have shown that
terrestrial carbon fluxes are highly sensitive to sky condi-
tions and diffuse radiation changes (Oliphant et al., 2011;
Yue and Unger, 2017). The omission of aerosol-cloud in-
teractions may affect the magnitude and spatial pattern of
aerosol impacts on radiation and photosynthesis, as cloud-
mediated diffuse radiation responses remain uncertain. Fu-
ture work should explicitly include aerosol-cloud-radiation
feedbacks to better quantify their effects on ecosystem car-
bon exchange.

Second, uncertainties remain in evaluating vegetation re-
sponses to O3z exposure. Field-based O3 fumigation exper-
iments across China are still limited, making it difficult
to comprehensively assess ecosystem-level damage. In this
study, the YIBs model applied different O3 damage coeffi-
cients for plant functional types, and the parameterization has
shown reasonable regional performance in simulating GPP—
O3 responses (Yue et al., 2017). Nevertheless, a wider range
of site-level observations is required to constrain the O3 dam-
age functions across various vegetation types and climate
zones at the national scale.

Third, nonlinear coupling among aerosols, O3, and nitro-
gen deposition introduces systemic uncertainty in estimating
their combined effects. Aerosol reduction alters photolysis
rates and thereby affects O3 formation (Tang et al., 2017;
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Yan et al., 2023; Yang et al., 2022), while O3 and nitrogen
jointly regulate stomatal conductance, photosynthetic effi-
ciency, and water-use dynamics (Sitch et al., 2007; Zhang
et al., 2018). In addition, the coexisting effects of these
three drivers may not be strictly additive. Aerosol effects and
O3 damage may be partly antagonistic, as aerosol-induced
changes in diffuse radiation, temperature, and vapor pressure
deficit can modulate stomatal uptake and the physiological
stress caused by O3. Nitrogen deposition may partly offset
O3z-induced reductions in plant productivity by alleviating
nutrient limitation, whereas the interaction between aerosols
and nitrogen deposition may vary regionally because nitro-
gen availability can influence the extent to which vegeta-
tion benefits from aerosol-induced radiation changes. These
interactions may amplify or offset each other under chang-
ing climatic conditions, and the real-world coexisting effects
of these atmospheric drivers may therefore differ from the
linear sum of their independently quantified contributions.
In the present study, the three factors were quantified sep-
arately to isolate their first-order effects, while a full assess-
ment of their two-way and three-way interactions would re-
quire a dedicated factorial experimental framework. There-
fore, although nonlinear interactions may modify the quanti-
tative magnitudes of the simulated responses, the overall con-
clusion that the positive contributions of aerosols and nitro-
gen deposition weakened while the suppressive influence of
O3 became increasingly important during 2010-2020 is ex-
pected to remain qualitatively robust. These limitations fur-
ther emphasize the need for high-resolution, fully coupled
chemistry—ecosystem modeling frameworks to capture the
co-evolution of multiple atmospheric processes.

In summary, despite these uncertainties, this study pro-
vides robust quantitative evidence that aerosols, Oz, and
nitrogen deposition jointly modified the magnitude and
spatial distribution of China’s terrestrial carbon sink dur-
ing 2010-2020. Future efforts should focus on incor-
porating aerosol—cloud interactions, expanding field-based
O3 response networks, and improving representation of
multi-process coupling and nonlinear interactions to further
constrain atmospheric—biosphere feedbacks under China’s
evolving air quality and carbon neutrality goals.

4 Conclusions

This study employed the RegESM to quantify the effects of
aerosol, surface O3, and nitrogen deposition on China’s ter-
restrial carbon sink during 2010-2020. The model effectively
reproduced the spatial and temporal variations of aerosol op-
tical depth, O3, nitrogen deposition, and carbon fluxes, pro-
viding a solid basis for process-level attribution analysis.
Aerosols exerted a substantial positive influence on
China’s terrestrial carbon sink. On average, aerosols en-
hanced GPP and NEP by 293.28 TeCyr~! (3.98 %) and
17.93 TgC yr~! (4.49 %), respectively, primarily through the
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diffuse radiation fertilization effect. The strongest enhance-
ment appeared in southern and eastern China, where high
aerosol loading and dense vegetation synergistically im-
proved canopy light-use efficiency. Aerosol-induced surface
cooling and reduced VPD further alleviated water stress and
stimulated carbon uptake. The enhancement peaked during
2015-2017, coinciding with elevated diffuse radiation frac-
tions, and weakened slightly under cleaner atmospheric con-
ditions after 2018.

In contrast, surface O3 persistently suppressed ecosystem
carbon uptake, reducing GPP and NEP by 749.44 TgC yr~!
(10.17 %) and 51.33 TgCyr~! (12.90 %), respectively. The
strongest suppression occurred in southeastern and south-
western China, where dense forest ecosystems coincided
with high O3 concentrations. O3-induced damage peaked in
2018, consistent with the exceptionally high O3 levels. Sub-
sequent coordinated NO,—VOCs management under the sec-
ond Clean Air Action partially mitigated O3 levels and NEP
suppression. O3 exerted a strongly seasonal negative impact
on NEP, with the strongest suppression occurring in summer.

Atmospheric nitrogen deposition enhanced the terrestrial
carbon sink by 9.08 % for GPP and 9.52 % for NEP, with
effects concentrated in southern and central China. The en-
hancement peaked around 2012, declined gradually after
2013 following reduced anthropogenic emissions, and lev-
eled off after 2015, corresponding to a slower decline in de-
position and a lagged ecosystem response due to soil nitrogen
accumulation. Seasonal variations showed stronger stimula-
tion in summer and spring, while autumn and winter exhib-
ited minor reductions linked to enhanced respiration.

During 2010-2020, the combined effects of aerosols, sur-
face O3, and atmospheric nitrogen deposition on China’s
terrestrial carbon sink exhibited marked interannual vari-
ability and a distinct transition under the Clean Air Ac-
tion (CAA). The net atmospheric contribution declined from
+8.22 Tg Cyr~! during the Pre-CAA period (2010-2013) to
+1.19TgCyr~! in Phase II (2018-2020), as the increas-
ing suppression from O3 (—53.15TgCyr~!) gradually off-
set the positive impacts of aerosols and nitrogen deposition.
These results indicate that China’s air-pollution control not
only improved air quality but also altered atmospheric chem-
ical composition in ways that significantly affected ecosys-
tem carbon uptake, with O3 becoming the dominant limiting
factor in the later period.

Overall, aerosols, O3, and nitrogen deposition exerted
interconnected yet contrasting influences on China’s ter-
restrial carbon sink. Aerosols and nitrogen deposition en-
hanced carbon uptake through diffuse radiation and nutri-
ent input, whereas O3 caused physiological damage that sup-
pressed it. The evolving interplay among these factors illus-
trates how emission reductions, atmospheric chemistry, and
ecosystem feedbacks jointly impact carbon sink dynamics
under China’s clean-air policies. These findings suggest that
future air-quality management should move beyond single-
pollutant control and place greater emphasis on coordinated
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multi-pollutant strategies, particularly the synergistic reduc-
tion of NO, and VOC:s, to limit O3-induced carbon sink sup-
pression while sustaining gains in air quality. In addition,
ecosystem carbon-sink responses should be incorporated into
the evaluation of clean-air policies, especially in ecologically
sensitive regions of eastern and southern China, to better
achieve co-benefits for air pollution mitigation and carbon
neutrality goals.
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