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ARTICLE INFO ABSTRACT

Edited by Guorui Liu Biomass burning (BB) emissions in the Indo-China Peninsula (ICP) can be transported to southern China, per-
turbing the atmospheric environment and climate in southern China. However, the impact of these fire emissions
transports on the terrestrial ecosystems in southern China remains unclear. Here we combine several state-of-the-
art models and multiple measurement datasets to quantify the impacts of ICP fire-induced aerosol radiation and
O3 damage effect on gross primary productivity (GPP) in southern China during ICP fire seasons (March and
April) in 2013-2019. Our results demonstrate that ICP fire-derived aerosols and Os collectively reduce annual
mean GPP in southern China by 5.4 % (-13.86 TgC per burning season) under all-sky and 3.4 % (-12.87 TgC per
burning season) under clear-sky conditions. In all-sky, fire aerosols decreased direct photosynthetically active
radiation (PAR) by 2.68 W m™? while increased diffuse PAR marginally (+0.03 W m™2), driving a GPP reduction
of 13.36 TgC per burning season across southern China. Concurrently, fire-induced Os reduces regional GPP by
0.54 TgC per burning season. In clear-sky, aerosols reduce direct PAR more sharply (—3.22 W m™) but enhance
diffuse PAR (+1.51 W m™), resulting the GPP loss to 12.18 TgC, while Os damage effect is increased (—0.69
TgC). The fire aerosols contributed to 96.4 % of the GPP reduction in all-sky and 94.6 % in clear-sky, whereas
ozone played a minor role (3.9 % in all-sky and 5.4 % in clear-sky). This study highlights ICP fire emissions as a
significant driver of ecosystem productivity declines in downwind regions, influencing the regional land carbon
cycle.
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1. Introduction 2000) and in various regions with frequent fire activities, such as South
America (Pereira et al., 2009), the Amazon (Bencherif et al., 2020;

Fire emissions represent a significant global source of trace gases and Videla et al., 2013), the Indian Peninsula (Bhawar et al., 2024), and the

aerosols, which have demonstrable impacts on regional air quality,
climate, and terrestrial ecosystems through complex atmospheric
transport processes (Park et al., 2024; Wei et al., 2023; Yin et al., 2020).
Recent research in observational technologies, combined with ad-
vancements in atmospheric modeling frameworks and the integration of
machine learning techniques, has enabled more accurate quantification
of the impacts of fire emissions (Coen, 2018; Hung et al., 2021; Lu et al.,
2019). These developments have highlighted significant knowledge
gaps concerning the ecosystem-scale consequences of fire pollution
transport, particularly its impact on gross primary productivity (GPP) in
downwind areas.

Researches have documented significant impacts of fire smoke
transport on a global scale (Brown et al., 2021; Wotawa and Trainer,
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Siberian forests (Kommula et al., 2024; Tian et al., 2023; Youn et al.,
2011). Spring biomass burning (BB) in Southeast Asia is frequent,
particularly in the Indo-Chinese Peninsula (ICP) during March and April,
resulting in significant aerosol and ozone (Os) from fire emissions
(Chang et al., 2015; Tsay et al., 2013). These ICP fires, caused by agri-
cultural and natural factors, significantly degrade regional air quality
and impact atmospheric brown clouds and precipitation (Lin et al.,
2014b; Reddington et al., 2021, 2014; Wang et al., 2022; Zheng et al.,
2023).

Previous results indicated that fire emissions in the Indo-Chinese
Peninsula (ICP) significantly affect the air quality in southern China
(Chan et al., 2003; Huang et al., 2013; Lin et al., 2014a; Zhang et al.,
2022; Zhu et al., 2024). Researches shown that fire emissions from ICP
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region contribute approximately 10-70 % of PMj 5 in southern China
(Fan et al., 2023; Li et al., 2017a; Yang et al., 2022; Zhang et al., 2021;
Zhu et al., 2022), and increase O3 concentrations by as much as 10-30 %
(Choi and Ying, 2025; Fu et al., 2012). Besides its influence on the at-
mospheric environment, the smoke aerosol transported to southern
China significantly impacts the region’s weather and climate (Chen
et al., 2017; Ding et al., 2013; Huang et al., 2016). The ICP fire aerosols
transported to southern China heat the atmosphere while cooling the
surface by reducing shortwave radiation at the ground to between 4 and
20 W/m? (Kong et al., 2022; Lin et al., 2014a; Zhu et al., 2024). Addi-
tionally, they can modulate cloud formation and precipitation in
southern China (Cohen et al., 2017; Li et al., 2024).

Previous extensive research demonstrates that the Indo-Chinese
Peninsula (ICP) fire-induced aerosols and ozone have significant im-
pacts on local and downwind atmospheric environments and climate
(Azevedo et al., 2011; Hein et al., 2022). However, the transregional
effects of these pollutants on ecosystem health and carbon cycling
remain poorly quantified. These pollutants impact vegetation through
distinct mechanisms: aerosols modify photosynthesis by altering radia-
tion and causing meteorological disturbances (Chen and Zhuang, 2014b;
Mahowald, 2011; Yue et al., 2017), while ozone penetrates stomata,
damaging the photosynthetic apparatus and reducing productivity in
both crops and forests (Feng et al., 2018, 2022). Although the opposing
effects of transported fire pollution on Amazonian vegetation have been
documented (Martins et al., 2018), the overall impact on ecosystems in
fire-emission hotspots, such as the ICP region, remains unknown.

This raises interesting questions: How much do the Indo-Chinese
Peninsula (ICP) biomass burning induced aerosols and ozone
contribute to vegetation productivity in southern China during the ICP
peak fire season (March and April)? To address the question above, we
quantify the net impacts of ICP fire aerosols and Os on ecosystem
vegetation gross primary productivity (GPP) in southern China by uti-
lizing a combination of multi-source observations and a suite of vali-
dated models. The chemical transport model GEOS-Chem (Wang et al.,
1998) is used to predict fire-induced changes in aerosol optical depth
and surface ozone. The Column Radiation Model (CRM) is applied to
quantify perturbations in diffuse and direct solar radiation caused by fire
aerosols. The Interactive Model of Air Pollution and Land Ecosystems
(IMAPLE)(Yue et al., 2024), a dynamic global vegetation model, is used
to quantify changes in ecosystem GPP resulting from the effects of
aerosol radiation and Os inhibition caused by transported fire aerosols
and ozone pollution. Section 2 outlines the research region, methods,
and data. Section 3 examines the variations in photosynthetically active
radiation (PAR) due to biomass burning, the effects of biomass burning
on GPP, and the respective contributions of fires aerosol and O3 from ICP
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to GPP in southern China.

2. Research region, methods and data
2.1. Research region

Our analysis focuses on three southern Chinese provinces adjacent to
the Indo-Chinese Peninsula (ICP): Yunnan (YN), Guangxi (GX), and
Guangdong (GD), which form a continuous geographical corridor from
west to east (Fig. 1a). This region is a key area affected by the trans-
boundary transport of pollutants from Southeast Asia (Yin et al., 2021),
making it highly suitable for investigating the transport of regional
pollutants and their ecological impact processes. The total carbon stor-
age of the forest vegetation in this region accounts for approximately
20 % of the total carbon storage in all of the entire China, underscoring
its critical role in the national carbon balance (Lan et al., 2019; Haofan
et al., 2019; Zhang et al., 2010; Zhang Yuxing and Pu., 2021). To eval-
uate the effects of aerosols and ozone on vegetation, we utilized obser-
vational data from 51 monitoring stations operated by China’s Ministry
of Ecology and Environment (CMEE) throughout the study area. These
stations provide high-resolution measurements of key atmospheric
composition variables such as PMj 5 and Os, and enhance this analysis
by offering ground data to validate model outputs. These regions were
selected because of their downwind position relative to prevailing
springtime transport patterns. The ICP region includes Myanmar,
Thailand, Laos, Vietnam, and Cambodia. There are frequent fire activ-
ities during the late dry season and the transition from the dry to the wet
season in the ICP region, due to slash-and-burn and land-clearing
practices. Peak activity consistently occurs during the fire season in
March and April. Thus, this study specifically focuses on the late dry
season (March—-April), which coincides with the biomass burning period
in the ICP. Fig. 1b illustrates the interannual variability of biomass
burning in the ICP, displaying monthly averages from 2010 to 2020.

2.2. Chemical transport model GEOS-Chem

Goddard Earth Observing System coupled with Chemistry (GEOS-
Chem, https://geoschem.github.io/) is a global three-dimensional at-
mospheric chemistry and transport model that simulates the distribution
of gaseous pollutants and aerosols. It incorporates comprehensive
chemical mechanisms, including reactions involving HO» — NOy» —
VOC — 03. The model simulates key aerosol components, including
black carbon (BC), organic carbon (OC), sulfate, nitrate, dust, and sea
salt in both coarse and accumulation modes. In this study, we used
version 12.0.0 of the GEOS-Chem model (with a horizontal resolution of
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Fig. 1. (a) Topography of the study regions and the 51 PM, 5 and ozone ground-based stations from CMEE (red dots) for model evaluation; (b) Monthly biomass
burning during the burning season (March-April) of 2013-2019 in the Indo-Chinese Peninsula (ICP).
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2° x 2.5° and 47 vertical layers), with 2012 as the spin-up period, to
simulate the three-dimensional distribution of aerosols and ozone con-
centrations from 2013 to 2019. The model was driven by MERRA-2
reanalysis data provided by the Global Modeling and Assimilation Of-
fice (GMAO), with meteorological fields updated every three hours and
surface parameters updated hourly. Emission data processing was con-
ducted using the Harvard-NASA Emissions Component (HEMCO),
developed by Keller et al. (2014). Anthropogenic emissions in East Asia
were sourced from the MIX inventory published by Li et al. (2017)b,
while biomass burning emissions were obtained from the Global Fire
Emissions Database, version 4 s (GFED4s), GFED4s was integrated into
the GEOS-Chem model using the HEMCO module (Lin et al., 2021). For
the transport processes, the model employed the TPCORE advection
scheme developed by Lin and Rood (1996). Convective transport was
calculated using the method proposed by Wu et al. (2007), which em-
ploys convective mass fluxes derived from meteorological fields. The
mixing within the planetary boundary layer was addressed using the
non-local mixing scheme developed by Lin and McElroy (Lin and
McElroy, 2010). Dry deposition of gases followed the scheme proposed
by Wesely (1989), as implemented by Wang et al. (1998), while aerosol
deposition was based on the parameterization developed by Zhang et al.
(2001). Wet deposition was addressed using the methodology outlined
by Liu et al. (2001). By relying on the default GEOS-Chem parameteri-
zation scheme, we did not consider the impacts of plume rise in the
model. Previous studies have shown that the GEOS-Chem model can
effectively replicate the spatial and temporal distribution patterns of
PM, 5 and O, across China (Hu et al., 2023; Jiang et al., 2020).

2.3. Radiative transfer model

The Column Radiation Model (CRM) is an independent radiative
transfer module developed from the NCAR Community Climate System
Model (http://www.cesm.ucar.edu/models/). The model explicitly
simulates the direct radiative effects of aerosols, encompassing both
absorption and scattering processes. These calculations are conducted
hourly across 20 vertical layers, extending from the surface up to 0.5 hPa
(Yue and Unger, 2017). The CRM integrates various aerosol vertical
distribution data provided by the GEOS-Chem model, including sulfate,
nitrate, black carbon (BC), organic carbon (OC), mineral dust (which
includes clay and silt), and sea salt (categorized into coarse and accu-
mulation modes). The aerosol optical properties of sea salt(e.g., single
scattering albedo, extinction coefficient, and asymmetry factor) were
obtained from the work of Yue and Liao (2012). The optical parameters
for mineral dust were derived from on Yue et al. (2010), while the pa-
rameters for other aerosol species were obtained from the RegCM4
model (Giorgi et al., 2012). In this study, the CRM was used to evaluate
the impact of aerosols on surface radiative fluxes, specifically their in-
fluence on both diffuse and direct photosynthetically active radiation
(PAR). The meteorological input data for the model were sourced from
the MERRA-2 reanalysis product, which has a spatial resolution of 1°
x 1° and a temporal resolution of one hour. Additionally, hourly cloud
fraction and liquid water path data from the CERES SYN1deg dataset
were included.

2.4. Interactive model for air pollution and land ecosystems

The Interactive Model for Air Pollution and Land Ecosystems (IMA-
PLE) (Yue et al., 2024) simulates surface energy exchange as well as
carbon and water cycling within the biosphere. It is built upon the
well-validated Yale Interactive Terrestrial Biosphere model (YIBs) (Yue
et al., 2015). In its latest version, the model incorporates trait-based
ozone damage and process-based modules for hydrological cycling,
wetland methane emissions, and fire emissions. The model can
dynamically simulate carbon fluxes, leaf area index, tree growth, and
carbon allocation for nine plant functional types, as well as prognostic
soil temperature, soil moisture, and evapotranspiration. IMAPLE model
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focuses on refining the following key ecological processes: two-leaf
radiative transfer, the coupling of carbon and water fluxes (simulating
the pathway of aerosol climate impacts), and stomatal uptake processes
(simulating the pathway of ozone damage to vegetation). Since 2020,
IMAPLE (and the earlier version of the YIBs model) has participated in
the multi-model ensemble project TRENDY to provide estimates of the
global carbon budget. The Global Carbon Budget 2024 (Friedlingstein
et al., 2025) demonstrated that the IMAPLE model performs effectively
well in assessing key carbon and water fluxes. For the IMAPLE model, we
set the spin-up period as 2003-2012, and the formal analysis is based on
the simulation data from 2013 to 2019.

2.5. Model simulations

We perform two GEOS-Chem runs, along with four the Column Ra-
diation Model (CRM) and the Interactive Model of Air Pollution and
Land Ecosystems (IMAPLE) runs (Table 1), to isolate the effects of fire
aerosols on both direct and diffuse radiation under varying sky condi-
tions, and to assess their subsequent impacts on gross primary produc-
tivity (GPP) (Fig. 2). Both the BASE and TEST experiments utilized the
MIX inventory (Li et al., 2017b) for anthropogenic emissions over East
Asia, with the Global Fire Emissions Database, version 4 s (GFED4s)
supplying biomass burning emissions. The key distinction between the
experiments was the exclusion of fire emissions from the Indochina
Peninsula (ICP) in the TEST experiment. The CRM simulations aimed to
quantify variations in photosynthetically active radiation (PAR) induced
by aerosols, using aerosol profiles simulated by GEOS-Chem. These
calculations were performed under two distinct sky conditions: CLD runs
(all-sky conditions) incorporated observed cloud profiles, while CLR
runs (clear-sky conditions) assumed no cloud cover. Finally, PAR values
served as inputs to the IMAPLE model for to simulate GPP variations
induced by the aerosol radiation effect. The IMAPLE simulations also
incorporated ozone concentration data from GEOS-Chem outputs to
assess reductions in GPP caused by ozone. During IMAPLE model sim-
ulations, meteorological fields, CO2 concentrations, and land cover were
fixed at initial year (2013) levels to eliminate the synergistic influence of
these variables on the experiments. To quantify the relative contribu-
tions of aerosols and ozone to the total GPP loss, we calculated the
contribution rate of each factor. The specific formulas are as follows:

AGPP = GPPp;r, — GPPyopire

AGPP, aerosols

x 100%
AGPP, aerosols + AGPP, ozone

Contribution of Aerosols(%) =

L o) _ AGPP ;00

Contribution of Ozone(%) = AGPPrny - AGPP o

GPPrp.: GPP under the ICP region fire.

GPPporire: GPP under the ICP region no fire.

AGPP er505: the change in GPP induced only by aerosol under the ICP
region fire and no fire emission.

AGPP,0ne: the change in GPP induced only by ozone under the ICP
region fire and no fire emission.

x 100%

2.6. Observations data

In this study, the performance of the GEOS-Chem model was evalu-
ated using daily mean PM> 5 and Os concentrations provided by China’s
Ministry of Ecology and Environment (CMEE, https://www.cnemc.cn/)
at 51 ground-based monitoring stations across Yunnan, Guangdong, and
Guangxi provinces. Additionally, aerosol optical depth (AOD) data from
the Moderate Resolution Imaging Spectroradiometer (MODIS, https://
modis.gsfc.nasa.gov) were used to evaluated the AOD simulation from
the Column Radiation Model (CRM) radiation transfer model, and
shortwave and diffuse radiation data from the CERES SYN1deg product
(http://ceres.larc.nasa.gov) were downscaled to a 1° x 1° spatial
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Table 1
Summary of simulations and research flow chart.
Simulations Models Period Input Cloud  Oj effects Output
BASE GEOS- 2012-2019  All emissions Obs. None Monthly 3-D aerosol concentrations and
TEST Chem All without ICP fire O3
emissions
CRM_BASE_CLD CRM 2013-2019  Aerosols from BASE Obs. None Hourly direct and diffuse PAR at surface
CRM_TEST_CLD Aerosols from TEST
CRM_BASE_CLR Aerosols from BASE None
CRM_TEST_CLR Aerosols from TEST
IMAPLE _BASE_CLD IMAPLE 2003-2019 PAR from CRM_BASE_CLD Obs. Input O3 from GEOS-Chem Monthly GPP
IMAPLE_TEST_CLD PAR from CRM_TEST_CLD simulations
IMAPLE_BASE_CLR PAR from CRM_BASE_CLR None

IMAPLE_TEST_CLR PAR from CRM_TEST_CLR

*The GEOS-Chem model outputs daily data with a resolution of 2°x 2.5°, while the CRM and IMAPLE models output daily data with a resolution of 1°x 1°.

GEOS-Chem Model R IMAPLE Purpose
zone
BASE (ICP Fire) ‘TEST (NO ICP Fire) [mmm) IgAASPELE I Vegetation
A oo - responses
CLD
Aerosol
l IMAPLE :;:’If:“:
Column Radiation Model (CRM) _TEST_ &
CLD
Clear-sky All-sky IMAPLE
BASE The impact]
PAR | — -
CRM_ CRM_ | CRM_ CRM CLR g °f fire
BASE_ = TEST_ = BASE | TEST_ IMAPLE aerosols on
CLD | CLD  CLR | CLR _TEST_ vegetation
CLR

Fig. 2. Flow chart of modelling methods.

resolution on a monthly basis and used to validate the radiation fluxes
simulated by the CRM radiation transfer model. Satellite-derived gross
primary productivity (GPP) data at a 0.25° x 0.25° resolution from the
GLASS product (https://www.glass.umd.edu/LAI/MODIS/0.25D/) for
the period 2013-2019 were used to validate the dynamic vegetation
model MAPLE. The GLASS GPP product, along with the biomass burned
data from the Global Fire Emissions Database the Global Fire Emissions
Database, version 4 s (GFED4s) (van der Werf et al., 2017), was also
used to evaluate the contribution of fire emissions transport to GPP
based on observations. The wind direction data used in this study were
obtained from the ECMWF Reanalysis 5th Generation dataset (ERAS, htt
ps://www.ecmwf.int/), which provides hourly global atmospheric var-
iables at high spatial resolution. To assess the model’s performance, we
used several statistical metrics, including the correlation coefficient (R),
mean bias (MB), normalized mean bias (NMB), and root mean square
error (RMSE), defined as follows:

S C1(M; — M)(0; - 0)

i ; M i > @
\/Zg (M; — M)? x Y280, - 0)°
MB = %Z: (M; - 0y), @
NMB = %%7 .
i=11
RMSE = @

Where O; and M; are observed and modeled values, respectively. O and
M are the averages of the observed and modeled values. In this study, R,
MB, NMB and RMSE are used to evaluate the performance of models on
the spatial scale, and the student t test is used to examine the signifi-
cance of correlation coefficients and long-term trends.

3. Results
3.1. Model evaluations

The evaluation of the simulation results from each model is pre-
sented in Fig. 3. Compared to the observed data, the GEOS-Chem model
effectively reproduced the monthly PMys (Fig. 3a) and Os values
(Fig. 3b) from the CMEE ground observations, with R of 0.51 (p < 0.01)
for both variables. Similarly, the AOD from the the Column Radiation
Model (CRM) model reproduces the observed spatial pattern from the
MODIS product (Fig. 3c) with a high R of 0.64 (p < 0.01) and a low the
mean bias (MB) of —0.19. The CRM, driven by aerosol concentrations
from GEOS-Chem, exhibits shortwave radiation patterns similar to those
observed by satellites (Fig. 3d—e). The simulations agree with observa-
tions well, with a high R of 0.82 and low NMB of —29.0 % under all-sky
conditions, and with R of 0.92 and NMB of —10.6 % under clear-sky
conditions. Although CRM presents high R and low NMB under both
sky conditions, evaluations still show that model shortwave radiation is
higher than observations. Such overestimation may be related to the
underestimation of simulated AOD (Fig. 3c), which leads to more
shortwave radiation reaching the surface. Additionally, the Interactive
Model of Air Pollution and Land Ecosystems (IMAPLE) model simulates
a reasonable spatial pattern of gross primary productivity (GPP) to the
compared to GLASS product (Fig. 3f), with a high correlation coefficient
(R) of 0.88 (p < 0.01) and a low NMB of 7.4 %. Overall, the suite of
models we used—including GEOS-Chem, CRM, and IMAPLE—reason-
ably captures the temporal and spatial distribution of atmospheric pol-
lutants (aerosols and ozone), aerosol radiation properties, and GPP over
the study regions during March-April from 2013 to 2019.

3.2. Changes of GPP by fire emissions

The spatial distribution and annual variation of fire emission con-
tributions to gross primary productivity (GPP) in the Indo-Chinese
Peninsula (ICP) region across the three southern provinces of China
from 2013 to 2019, under both all-sky and clear-sky conditions, are
shown in Fig. 4. The results reveal that fire emissions transported from
the ICP region during March and April suppress GPP across southern
China, causing daily reductions of 0.28 gC m™ d™! (5.4 % annualized)
under all-sky conditions and 0.26 gC m~ d! (3.4 % annualized) under
clear skies (Fig. 4a and b). These reductions cumulatively amount to
13.86 and 12.87 TgC per burning season, respectively. For the three
regions in southern China, the contribution of ICP fire transport shows a
consistent west-to-east attenuation of its effects, with maximum sup-
pression in southern Yunnan that decreases with downwind distance
under clear sky conditions. However, this phenomenon does not occur
under all-sky conditions, which is attributed to the influence of clouds.
Regarding the interannual variability of the contributions of ICP fire
transport to GPP in southern China (Fig. 4c-d), the results indicate a
decline in GPP from 2013 to 2019, with the greatest impact observed in
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(a) Model evaluation: monthly mean PM,

30(b) Model evaluation: monthly mean ozone
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12 (c) Model evaluation: monthly mean AOD
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Fig. 3. Models’ evaluation using ground-based and satellite observation during March-April from 2013 to 2019. GEOS-Chem monthly PM, s (a) and ozone (b)
evaluation by ground observation from CMEE at the 51 sites; (c) CRM regional monthly AOD evaluation using MODIS AOD; Evaluations of simulated monthly
shortwave radiation (SW) by CRM model for (d) all-sky and (e) clear-sky; (f) Evaluation of simulated gross primary productivity (GPP) by IMAPLE model. The
statistical parameters include the number of matchup data (N), the slope and intercept at the y axis of the linear regression (red line), the mean bias (MB), the root-
mean-squared error (RMSE), the normalized mean bias (NMB), and the correlation coefficient (R).

2014 under both all-sky and clear-sky conditions, and the smallest
reduction occurring in 2018. These interannual patterns show strong
consistency with the temporal variations in biomass burned during the
burning season (March-April) from 2013 to 2019 in ICP (Fig. 1b), sug-
gesting that fire emissions in ICP were an important factor contributing
to fire transport’s impact on GPP in southern China.

This suppression of vegetation gross primary productivity (GPP) re-
sults from the combined effects of aerosol radiation and ozone damage,
which will be comprehensively analyzed in the following section. While
GPP typically correlates positively with the aerosol radiation effect, fire
aerosols modify this relationship by simultaneously increasing diffuse
radiation and decreasing direct radiation. The reduction of direct light
can offset the benefits of diffuse fertilization, resulting in positive GPP
responses at low to medium diffuse fractions but negative responses at
high diffuse fractions. The Interactive Model of Air Pollution and Land
Ecosystems (IMAPLE) model effectively captures the phytotoxic effects
of ozone using a stomatal flux-based parameterization, in which GPP
impairment scales with both ambient ozone concentration and leaf
stomatal conductance (Yue et al., 2024). Together, these combined
aerosol and ozone effects explain the consistent suppression of GPP
observed across southern China under varying sky conditions.

Are the simulation results consistent with observations? The
observation-based data of GLASS gross primary productivity (GPP) and
the Global Fire Emissions Database, version 4 s (GFED4s) were used to
confirm the contribution of Indo-Chinese Peninsula (ICP) fire transport
to GPP in southern China, through the differences between high and low
fire emission years (Fig. 5). We selected eight years with the highest
biomass burned and eight years with the lowest biomass burned, based
on the average biomass burned in ICP during March-April from 1999 to
2014 (Fig. 5a). The years with high biomass burning (BB) emissions are
1999, 2004, 2005, 2007, 2010, 2012, 2013, and 2014, with an average
emission of 2.74 x 107 kg of dry matter per month. The years with low
BB emissions are 2000, 2001, 2002, 2003, 2006, 2008, 2009, and 2011,
averaging 1.46 x 107 kg of dry matter per month. This represents a 47 %

reduction compared to the years with higher BB emissions. Fig. 5a il-
lustrates high GPP in years with low BB and low GPP in years with high
BB, indicating the suppressive effect of BB on GPP in the three southern
provinces of China during the ICP fire transport period, which is
consistent with the simulated results described above. The difference in
GPP in the three southern provinces of China between high and low
biomass burning years in ICP is —0.24 gC m™ d-' (Fig. 5b), which is
comparable to the model-simulated fire emission impact (Fig. 4).
Furthermore, this value is slightly lower than the model-simulated fire
emission impact, which is reasonable because fire emission transport
still occurs during low fire years. All of these observation-based results
support the model simulations.

While the observational results strongly support our model simula-
tions, the environmental and ecological impacts of fire emission trans-
port remain complex, influenced by multiple natural and anthropogenic
factors. Lu et al. (Lu et al., 2025) used molecular markers to investigate
temporal variations and source apportionment of biomass organic
aerosols (BOAs) in the Pearl River Delta (PRD) region of China. Biomass
burning emissions in Southeast Asia have been found to affect the PRD
through long-range transport. The study indicates that geographic and
anthropogenic factors—including the monsoon, plant phenology, and
human activities—collectively influence the chemical composition of
biomass burning and biomass burning organic aerosols (BOAs) in the
PRD. Concurrently, aerosol-cloud interactions at higher altitudes
significantly increase low cloud coverage over both land and ocean areas
in tropical Southeast Asia (Ding et al., 2021). This phenomenon signif-
icantly reduces surface solar radiation, thereby limiting vegetation
photosynthesis.

3.3. Changes of GPP by fire aerosols and ozone

3.3.1. Changes of GPP by fire aerosols
Aerosols can adjust surface photosynthetically active radiation
(PAR) by altering both direct and diffuse solar radiation (Xia et al.,
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Fig. 4. The spatial distribution of the contributions of fire emissions in the Indo-Chinese Peninsula (ICP) region to gross primary productivity (GPP) during
2013-2019: (a) under all-sky condition and (b) under clear-sky condition; and the annual variation in the absolute and relative contributions of ICP fire transport to
GPP in the three southern provinces of China for (c) all-sky condition and (d) clear-sky condition.
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Fig. 5. (a) Response of gross primary productivity (GPP) in southern China to biomass burning emissions in Indo-Chinese Peninsula (ICP) region by the observation-
based data of GLASS GPP and the Global Fire Emissions Database, version 4 s (GFED4s) fire emission. The GPP_H is the monthly average GPP in the three southern
provinces of China with high monthly biomass burning years in ICP region (BB_H), while the GPP_L stands for the monthly average GPP in the three southern
provinces of China with low monthly biomass burning years in ICP (BB_L); (b) Observation-based GPP difference between high and low biomass burning years in ICP.

2007). Fig. 6 illustrates the contributions of fire aerosols in the
Indo-Chinese Peninsula (ICP) region to both diffuse and direct PAR in
the three southern provinces of China (SC) and the ICP region during
March-April from 2013 to 2019. For the ICP, fire aerosols increased
diffuse PAR (Fig. 5a-b) while decreasing direct PAR (Fig. 5c-d). Across
the ICP region, total PAR decreased by 0.30 W m~2 under all-sky con-
ditions, with a more pronounced reduction of 2.26 W m™ under

clear-sky conditions. The transport of fire aerosols significantly affected
PAR in downwind regions of southern China. For the three southern
provinces of China, fire aerosols reduced total PAR through a combi-
nation of direct PAR attenuation and diffuse PAR enhancement. Fire
aerosols caused a reduction in total surface PAR of 2.71 W m2 under
all-sky conditions and 1.71 W m™2 under clear-sky conditions. Under
all-sky conditions, aerosols slightly reduced diffuse PAR by 0.03 W m™
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(b) Diffuse PAR by fire aerosols (clear-day)
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Fig. 6. The contributions of fire aerosols in the Indo-Chinese Peninsula (ICP) region to diffuse (first row) and direct (second row) photosynthetically active radiation
(PAR) in the three southern provinces of China (SC) and ICP region during March-April 2013-2019, under all-sky condition (a, c¢) and clear-sky condition (b, d).

(Fig. 6a) while significantly decreasing direct PAR by 2.68 W m™
(Fig. 6¢). The effects were more pronounced under clear-sky conditions,
with diffuse PAR increasing by 1.51 W-m™2 (Fig. 6b) and direct PAR
dropping by 3.22 W-m~2 (Fig. 6d). Notably, under all-sky conditions,
diffuse PAR was significantly reduced—a phenomenon consistently re-
ported in previous studies (Chen and Zhuang, 2014a; Paulot et al., 2018;
Rap et al., 2018). However, the relatively minor net changes in diffuse
PAR changes under all-sky conditions observed in this study could be
attributed to the effect of cloud modulation, where clouds alter radiative
absorption and variably mitigate aerosol radiative effects (Paulot et al.,
2018). Second, in terms of the net ecological effect, recent studies have
confirmed that although aerosols alone can promote growth by
increasing diffuse PAR, their combined effect with clouds leads to a
sharp decrease in total PAR and causes more severe yield losses than
clouds acting alone(Liu et al., 2025; Wang et al., 2025). Finally, the net
aerosol radiative effect—whether it enhances or suppresses gross pri-
mary productivity (GPP)—is contingent upon an optimal aerosol load
(Ezhova et al., 2018), where moderate levels boost photosynthesis but
excess reduces it (Cox et al., 2008; Oliveira et al., 2007). This effect is
strongest in dense-canopy forests, minimal in grasslands and croplands
(Cheng et al., 2015; Kanniah et al., 2012; Niyogi et al., 2004), and is
modulated by background cloudiness, as high cloud cover shifts the
aerosol role from fertilization to dominant radiation attenuation,
thereby suppressing GPP (Cheng et al., 2016).

Our study demonstrates that fire aerosols transported from the Indo-
Chinese Peninsula (ICP) region significantly influence vegetation pro-
ductivity in southern China by altering PAR, as shown in Fig. 7. Quan-
titative analysis reveals that transported fire aerosols reduced gross

primary productivity (GPP) in the region by 0.27 gC m=2 d™! under all-
sky conditions (13.36 TgC per burning season), as shown in Fig. 7a,
and by 0.25 gC m™2 d! under clear-sky conditions (12.18 TgC per
burning season), as shown in Fig. 7b. Figs. 7c and 6d demonstrate sig-
nificant interannual variability in aerosol-induced GPP suppression,
with peak reductions occurring in 2014 under both all-sky and clear-sky
conditions. This pattern closely aligns closely with the annual variability
of biomass burning shown in Fig. 1b. The consistent covariation between
biomass burning intensity and the magnitude of GPP reduction re-
inforces the causal relationship between fire aerosol transport and its
impact on vegetation productivity in downwind regions.

The contrasting impacts of fire aerosols on local gross primary pro-
ductivity (GPP) in ICP reveal an intriguing pattern: under all-sky con-
ditions, they enhance GPP, whereas under clear-sky conditions, they
suppress it. When diffuse radiation increases but total radiation con-
tinues to decrease, photosynthesis initially increases and then declines.
Once direct radiation falls below a critical threshold, the gain from
diffuse radiation can no longer compensate for the loss caused by
reduced direct radiation, resulting in decreased GPP. This demonstrates
the optimal concentration range for the aerosol diffuse radiation effect
(Ezhova et al., 2018; Lu et al., 2017).

3.3.2. Changes of GPP by fire Os

Ozone damage significantly threatens vegetation growth, and fire-
induced ozone emissions negatively impact gross primary productivity
(GPP). Fig. 8 shows the contributions of Indo-Chinese Peninsula (ICP)
fire-induced ozone to GPP in the study region. During the fire season
(March-April), biomass burning in the ICP region increases surface
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Fig. 7. The spatial distribution and annual variation of the absolute and relative contributions of Indo-Chinese Peninsula (ICP) fire aerosols to gross primary
productivity (GPP) in the three southern provinces of China for (a, c) all-sky condition and (b, d) clear-sky condition.
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Fig. 8. Under all-sky condition (a) and clear-sky condition (b), the contributions of fire induced ozone in the Indo-Chinese Peninsula (ICP) region to gross primary
productivity (GPP) during March-April 2013-2019. The blue values stand for regional means of GPP changes in three southern provinces of China.

ozone concentrations by 2.33 pg/m?in southern China. Our model
simulations show that ozone causes relatively small but consistent re-
ductions in GPP: 0.011 gC m2 d! (-0.54 TgC per burning season) under
all-sky conditions (Fig. 8a) and 0.014 gC m=d' (-0.69 TgC per burning
season) under clear-sky conditions (Fig. 8b) in southern China. The
ozone effects resulted in comparable reductions under both sky

conditions. In the limited areas where GPP increased, the magnitude of
this enhancement was indeed very small. This phenomenon results from
the combined effects of ozone and aerosol concentrations, vegetation
type, aerosol composition, meteorological conditions, and model un-
certainties (Cheng et al., 2015; Kanniah et al., 2013; Shimizu et al.,
2019).
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The results of this study show that the gross primary productivity
(GPP) loss caused by ozone under clear-sky conditions (-0.69 TgC) is
higher than that under all-sky conditions (-0.54 TgC). This phenomenon
is mainly attributed to the regulation of meteorological conditions on
the effectiveness of ozone stress. The mechanism can be explained from
two aspects: First, clear-sky conditions are usually accompanied by
higher solar radiation intensity, air temperature, and lower air humid-
ity. These environmental factors promote the opening of plant stomata
(i.e., increase stomatal conductance) to maintain sufficient photosyn-
thesis and transpiration (Dewar, 2006). However, the increase in sto-
matal conductance also provides a smoother channel for ozone to enter
plants, leading to an increase in ozone uptake flux, which in turn causes
more severe physiological damage and GPP reduction (Ainsworth et al.,
2012; Fuhrer et al., 1997). Second, the stronger solar radiation and
higher temperature under clear-sky conditions are also conducive to the
occurrence of photochemical reactions (Atkinson, 2000; Sillman, 1999),
thereby increasing ozone flux and concentration (Bai et al., 2025, 2017)
and further exacerbating the exposure risk of vegetation. Therefore, the
combined effect of higher stomatal conductance and potentially higher
ozone concentration under clear-sky conditions results in more severe
GPP loss.

4. Discussion
4.1. The impact of fire emissions on PM» 5 and O3

The southern provinces of China and the Indo-Chinese Peninsula
(ICP) region are covered with various types of vegetation, where
extensive biomass burning has been detected (Fig. 1a and Fig. 9a). Due
to atmospheric circulation and monsoon patterns, the southern prov-
inces of China were affected by air pollutants from fires. The impact of
fire emissions transported in Southeast Asia has been investigated, as
shown in Table 2. Biomass burning in Southeast Asia has significantly
increased PM; 5 and Os levels across southern China. Studies show PM; 5
spikes of 39-73 pg/m? (17-78 %) in Yunnan and downwind provinces,
with Os rising by 4-19 pg/m® (5-19 %). Regional fires contributed
10-80 % of PMy 5 in southwestern China originating from Southeast
Asia, with transboundary impacts from Mongolia, Russia, and
Kazakhstan further increasing particulate pollution by 14 % and ozone
levels by 8.6 % during biomass burning seasons.

In our study, the emissions from these fires significantly increased
PM, 5 and Os concentrations in the downwind southern provinces of
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Table 2
Summary of previous studies about fire pollution transport.

Period Source of Affected Results References

the fires region

March 21-25  Southeast Yunnan Biomass burning Xing et al.
2015 Asia Province contributed (2021)

+39.3pugm 3
(68.0 %) to PM 5
and
+18.1pgm3
(19.4 %) to Os.

March 21-25  Southeast Downwind Biomass burning Xing et al.

2015 Asia areas in contributed (2021)
southern +8.4pgm=3
China (24.1 %) to PMy 5
and
+3.7pgm3
(5.3 %) to Os.

March-April Southeast Southwestern Fires contributed ~ Li et al.

2013 Asia China 10 %-40 % of the (2017a)
near-surface
PM>s

Open fire Mongolia, China Fire pollution Li et al.
days in Russia, contributed (2023)
2013-2021  Southeast +62pgm=>

Asia, and (14.1 %) toPM, 5
Kazakhstan. and
+8.1pg m
(8.6 %) to Os.

March-April Southeast Kunming Biomass burning Fan et al.

2019 Asia contributed (2023)
+733pgm3
(78.0 %) to
PM; 5.

Biomass Southeast Guangdong- Biomass burning Zeng et al.
burning Asia Hong Kong- contributed (2023)
days in Macao Great +29.27 pgm 3
2009-2019 Bay Are (17.0 %) to

PM, 5.

—a——
Prevailing Wind

China during March and April from 2013 to 2019 (Fig. 9b). Compared to
PM, 5 without fire aerosols, the mean PMs 5 concentration increased
from 43.69 pg/m3 to 48.01 pg/m3, representing an average increase of
9.0 %. This increase can be attributed to fire-induced pollutants. The
mean Os also exhibited a similar increasing trend, rising by 2.5 %
compared to Os without fire aerosols. The increases in PMy 5 and O3
concentrations caused by fire pollutants in this study were relatively
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Fig. 9. (a) Spatial distributions of the biomass burned and main wind direction of the fire season. Identification of sources of fire emissions affecting provinces of
southern China. The yellow grid cells represent the average monthly biomass burned for the corresponding grid cell from 2013 to 2019. The shades of grey represent
main wind direction of the fire season from ERAS data. (b)The emissions from these fires effectively increased PM, 5 and Os concentrations and their contributions to

gross primary productivity (GPP) in downwind the southern provinces of China.
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lower than those reported in previous research. This discrepancy pri-
marily arises from our methodological approach: instead of analyzing
specific fire pollution events, we concentrated on the long-term effects of
fires. This evaluation enables a more accurate assessment of the sus-
tained impacts of fire pollutant transport on gross primary productivity
(GPP). These fire pollutants emitted from biomass burning affect GPP in
southern China through two key mechanisms: the aerosol radiation ef-
fect and the ozone damage effect. We quantify the percentage changes in
GPP in the southern provinces of China caused by biomass burning.
Compared to GPP changes without biomass burning, fire pollution
decreased GPP by 5.4 % under all-sky conditions and by 3.4 % under
clear-sky conditions (Fig. 9b). The fire aerosols contributed to 96.4 % of
the GPP reduction under all-sky conditions and 94.6 % under clear-sky
conditions, whereas ozone damage played a minor role, accounting for
only 3.9 % under all-sky conditions and 5.4 % under clear-sky condi-
tions of the GPP decline. Studies have reported divergent impacts of fire
emissions on GPP. Yue and Unger (2018) observed a slight global in-
crease in GPP (0.05-0.07 Pg Cyr!), whereas Xu et al. (2021) estimated a
net global reduction of 2.8 Pg C yr~' . Regionally, Xie et al. (2020) found
that aerosols enhanced GPP by 0.36 Pg C yr! in southern China. These
discrepancies primarily result from variations in vegetation type, can-
opy structure, aerosol loading, and cloud cover across regions, all of
which influence the GPP response to fire aerosols (Ezhova et al., 2018;
Lu et al., 2017). There may also be a more important reason: previous
studies primarily examined the annual-scale impacts of global fire
emissions on GPP, which mainly affect the source area. In contrast, our
study specifically investigates fire emissions during the peak burning
season (March-April) and emphasizes the influence of regional aerosol
transport on GPP in downwind areas.

4.2. Uncertainties

The conclusions of this study are based on the model chain, and it is
crucial to identify its uncertainties. The evaluation results reveal that the
model systematically overestimates surface PM; 5 and O3 concentrations
(Fig. 3a-b), yet underestimates column AOD (Fig. 3c). This AOD un-
derestimation can lead to a corresponding overestimation of shortwave
radiation at the surface (Fig. 3d-e). Taken together, these findings point
to inaccuracies in the simulated vertical distribution of pollutants. The
overestimated shortwave radiation may either enhance or reduce the
simulated gross primary productivity (GPP), while elevated Os concen-
trations are likely to suppress it (Li et al., 2015; Wang et al., 2023). As a
result, these opposing effects may partially offset each other in the GPP
simulations. Nevertheless, the overall GPP evaluation shows reasonably
good agreement with observations (R = 0.88, MB = 0.3 in Fig. 3f).

It should also be noted that this study focuses on the contribution of
fire emissions—specifically, the relative differences between simula-
tions with and without fires—rather than on absolute model outputs.
Therefore, the accuracy of the fire emission inventory is critical. Here,
we employ the Global Fire Emissions Database, version 4 s (GFED4s)
inventory, which is widely used and has been extensively evaluated
(Akagi et al., 2011; Giglio et al., 2013). In addition, the model re-
produces the interannual variability of pollutant concentrations fairly
well (Fig. 3b), supporting its applicability for analyzing regional-scale
interannual variations.

In summary, although there is room for improvement in the absolute
accuracy of the model, these uncertainties are more likely to affect the
absolute values of GPP loss estimates rather than reverse the qualitative
conclusion regarding the relative relationship—"fire emissions cause
damage to GPP". Future work will further constrain model uncertainties.

This study evaluates the combined effects of aerosols and ozone on
gross primary productivity (GPP) in Southern China, a region encom-
passing diverse ecosystems ranging from evergreen broad-leaved forests
to croplands (Fig. 1a). Tall, closed forests benefit more from aerosol-
induced diffuse radiation, while shallow-canopy crops or grasslands
see limited gains (Cheng et al., 2015; Kanniah et al., 2012; Niyogi et al.,
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2004). Conversely, broadleaved trees and C3 crops with higher stomatal
conductance suffer greater ozone damage due to higher uptake (Wang
et al., 2025). Therefore, the varying responses of different vegetation
types to fire emissions cause spatially heterogeneous impacts, necessi-
tating future attribution analysis by plant functional type.

5. Conclusions

We analyzed the impacts of transboundary pollutants from biomass
burning in Indo-Chinese Peninsula (ICP) on southern China’s gross
primary productivity (GPP) during March and April from 2013 to 2019.
During the peak fire emission season (March-April, 2013-2019),
biomass burning in the ICP reduced GPP in three southern Chinese
provinces by 0.28 gCm™d! (an annual mean reduction of 5.4 %) under
all-sky conditions and by 0.26 gC m™2 d! (an annual mean reduction of
3.4 %) under clear-sky conditions. Among these reductions, under all-
sky conditions, aerosol radiative effects accounted for 96.4 % of the
GPP reduction, while Os damage contributed 3.9 %. Under clear-sky
conditions, aerosol radiative effects accounted for 94.6 % of the reduc-
tion in GPP, whine Os damage was responsible for the remaining 5.4 %.
Fire aerosols transported from the ICP significantly altered photosyn-
thetically active radiation (PAR) in southern China, with direct PAR
decreasing by 2.68 W/m? under all-sky conditions and by 3.22 W/m?
under clear-sky conditions. In contrast, diffuse PAR was —0.03 W/m?
under all-sky conditions but + 1.51 W/m? under clear-sky conditions.
Biomass burning emissions from ICP significantly increased aerosol and
O3 levels in three southern Chinese provinces. PMy 5 concentrations
increased by 9.0 % (from 43.69 to 48.01 pg/m?), with this rise attrib-
uted to fire emissions. Ozone showed a similar increase, rising by 2.5 %
(from 89.30 to 91.63 pg/m?) compared to fire-free conditions.

This study quantitatively assessed the multi-year impacts of Indo-
Chinese Peninsula (ICP) biomass burning on vegetation productivity
in southern China using model simulations. Potential uncertainties in
the simulations may arise from limitations in model resolution, varia-
tions in aerosol composition, and changes in land cover. This study did
not fully account for recent land-use changes in both the Indochina
Peninsula and southern China, which could affect influence the simu-
lation results. due to the accessibility of ground-based observation data,
the model validation in this study is mainly concentrated in Southern
China. Future research should incorporate ground-based observations
from a broader geographic area and quantify the interconnected phys-
icochemical processes of fire emissions and land-use changes to improve
model-based assessments of ecological impacts and vegetation
dynamics.
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