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Environmental significance

Open crop straw burning (OCSB) is an episodic but influential emission source during China’s summer
harvest, yet its policy-driven evolution and integrated impacts remain incompletely quantified. Therefore,
it is essential to clarify the environmental benefits of burning controls and their implications for air
quality, public health, and climate-relevant aerosol effects. Our results show that as OCSB emissions
declined, OCSB-attributable PM,s exposure and premature mortality decreased markedly, while
perturbations to surface shortwave radiation and near-surface air temperature also weakened. These
findings provide quantitative evidence to refine region-specific straw-burning restrictions and to support
coordinated management of air quality—health—climate objectives.
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Open crop straw burning (OCSB) substantially affects air quality in China, prompting control measures and straw-burning bans.
However, long-term policy-driven impacts on air quality, public health, and climate at the national scale have received limited
quantitative assessment within a unified framework. Here, we combine a localized OCSB emission inventory with paired WRF-
Chem simulations (with and without OCSB) for June in 2003, 2008, 2013, 2018, and 2021 to quantify these impacts. OCSB-
induced nationwide mean PM, 5 reached 2.82 pg m= in 2013, decreased by ~79.4% to 0.58 pg m= in 2018, and slightly rebounded
in 2021. Population-weighted PM, 5 exposure attributable to OCSB decreased by ~78.1% (from 10.48 pg m= in 2013 to 2.29 ug
m™ in 2021), and the non-accidental premature deaths declined by ~77.6% (from 1,756 (95% confidence interval, 95% CI):1200—
2231) in 2013 to 393 (95% CI: 268-500) in 2021. Reduced OCSB emissions weakened aerosol-induced shortwave dimming and
surface cooling, indicating a diminishing compensating climate effect. Nationally, OCSB-attributable surface shortwave net
radiation (SWNET) increased from —0.64 to —0.25 W m™2 between 2013 and 2021, and associated 2-m temperature (T,) impacts
weakened from —0.0056 to —0.0033 °C, especially over the North China Plain. Overall, our results suggest that recent reductions
in OCSB emissions during the summer harvest are associated with substantial co-benefits for air quality, public health, and climate,
providing a national-scale evidence base to refine straw-burning bans and air-pollution control strategies.

Environmental significance

Open crop straw burning (OCSB) is an episodic but influential emission source during China’s summer
harvest, yet its policy-driven evolution and integrated impacts remain incompletely quantified. Therefore,
it is essential to clarify the environmental benefits of burning controls and their implications for air quality,
public health, and climate-relevant aerosol effects. Our results show that as OCSB emissions declined,
OCSB-attributable PM, s exposure and premature mortality decreased markedly, while perturbations to
surface shortwave radiation and near-surface air temperature also weakened. These findings provide
quantitative evidence to refine region-specific straw-burning restrictions and to support coordinated
management of air quality—health—climate objectives.
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Open biomass burning (OBB), including forest fires, grassland fires, shrubland fires, and crop straw
burning!- 2, is one of the major global sources of fine particulate matter (PM, 5) and trace gases, with far-
reaching impacts on regional air quality, public health, and climate3. Aerosols emitted from OBB absorb
and scatter solar radiation and act as direct radiative forcing and indirect cloud effects’- 8. In intensive
agricultural regions, open crop straw burning (OCSB) is a particularly important component of OBB? 10,
contributing up to 74-94% of total biomass-burning emissions!!.

China is one of the largest agricultural producers in the world, with cultivated area and crop residue
generation both ranking among the highest globally, and it produces approximately 600—800 Tg of crop
residues each year, accounting for about 20% of the global total'?>"!*. OCSB exhibits pronounced seasonal
and spatial variability, closely linked to the harvest periods of major staple crops such as wheat and rice.
Previous studies have identified a distinct bimodal pattern of OCSB, with emission peaks typically occurring
in summer and autumn'>. For example, early-summer and autumn peaks have been reported in Hebei
Province!®, whereas spring—autumn peaks occur in Heilongjiang Province!”. These burning activities are
mainly concentrated in key grain-producing regions, including the North China Plain (NCP), the Northeast
China Plain, and parts of central China, as corroborated by satellite fire detections that consistently show
dense burning clusters over these areas's 1819,

Intensive emissions from OCSB can have significant impacts on regional air quality, health burden, and
climate. For regional air quality, case studies across eastern and central China consistently show that OCSB
makes a major contribution to haze pollution. Zhou et al.?® reported that intensive crop residue fires over
eastern Henan, southern Hebei and western Shandong produced emissions exceeding local anthropogenic
sources during a severe haze episode and contributed 19% of surface PM, s in Beijing. Cheng et al.?!
analyzed a severe haze episode in late May—early June 2011 across five cities (Shanghai, Hangzhou, Ningbo,
Suzhou, and Nanjing) in the Yangtze River Delta (YRD) and found that biomass open burning contributed
on average about 37% of PM, s, 70% of organic carbon and 61% of elemental carbon at these sites, and
further suggested that completely banning open burning would decrease mean PM, 5 by ~51% in the YRD
region. Luo et al.?? reported that OCSB emissions contributed 25.6% of local mean PM,.5 concentrations
in Hunan Province from 15 to 26 October 2024, with primary organic carbon (POA) and secondary organic
carbon (SOA) increasing by 46.2% and 62.7%, respectively. In terms of health burden, epidemiological and
statistical evidence indicates that OCSB-attributable PM, s enhancements are strongly associated with
elevated risks of premature mortality from cardiorespiratory diseases. A county-level panel study in China
estimated that an increase of 10 fire counts within 50 km is associated with a 4.79 pg m™3 rise in monthly
mean PM, s and a 1.56% increase in all-cause mortality; correspondingly, each 10 pg m™3 increment in
PM, 5 was linked to a 3.25% increase in mortality?3. In addition, crop straw burning carbonaceous aerosols
exert a net positive direct radiative effect at the top of the atmosphere and dim surface solar radiation, which
can strengthen lower-tropospheric heating and boundary-layer stability and modify regional temperature
and circulation. In East China, WRF-Chem simulations for June 2013 showed that crop straw aerosols
produced a regional mean TOA direct radiative effect of about +0.14 W m™2, with local values up to +22.66
W m™2 and pronounced surface solar dimming 2*. During an agricultural-burning haze episode in Northeast
China in November 2017, aerosol direct radiative effects reduced downward surface shortwave radiation
and planetary boundary-layer height and increased daily mean PM, 5 by around 16 pg m™3 25,

Since the issuance of the Measures for the Prohibition of Open Straw Burning and the Comprehensive
Utilization of Straw in 1999, China has introduced a series of air pollution control policies to curb OCSB-
attributable pollution. These include the 2013 Air Pollution Prevention and Control Action Plan and the
2018 Three-Year Action Plan to Fight Air Pollution, which further strengthened restrictions on OCSB and
incentives for straw recycling. National OCSB activity and emission intensity declined markedly during
2013-2018, with both fire counts and pollutant emissions reduced by more than 40%?2¢. However, most
existing modeling studies have evaluated OCSB impacts for individual regions or short pollution episodes
and often rely on global satellite-based biomass-burning emission inventories (e.g., FINN), which have
limited capability to detect small, scattered straw fires and can underestimate actual OCSB PM, s emissions
in China by up to ~85% compared with localized inventories'>- 26, In addition, previous assessments have
rarely performed multi-year simulations that explicitly compare conditions before and after the
implementation of straw-burning bans, and they typically focus on air quality responses alone?”- 28, without
jointly quantifying health burdens and climate-relevant radiative effects within a consistent framework.
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In this study, we integrated a localized OCSB emission inventory with the Weather Res%ag‘c_lgo?ll IDSEAQOLGAA

Forecasting model coupled with Chemistry (WRF-Chem) to systematically quantify how OCSB emissions
before and after the implementation of straw-burning control policies affect regional PM, s pollution,
population exposure and associated health burdens, and climate impacts over mainland China, providing a
scientific basis for coordinated management of air quality, climate, and public health.

2 Methods

2.1 WRF-Chem model configuration

WRF-Chem version 3.9.1 was adopted here to examine the impacts of OCSB on air pollutants, radiation,
temperature, etc?® 39, It is an online-coupled regional meteorology—chemistry model based on the WRF-
ARW dynamical core, in which meteorological fields, gases and aerosols are integrated on the same grid
using the same transport schemes without additional temporal or spatial interpolation®!. Photolysis and
radiative transfer are calculated online, allowing aerosol-radiation—cloud interactions and feedbacks to
boundary-layer meteorology and regional climate?. Figure S1 summarizes the WRF-Chem modeling
configuration, evaluation sites, and the four key analysis regions. The national domain (Domain 1)
employed a Lambert conformal conic projection with a horizontal resolution of 36 km, covering mainland
China and surrounding regions (Fig. Sla). In addition, a 12 km one-way nested domain over the NCP and
adjacent regions (Domain 2) was configured to provide higher-resolution simulations for a more detailed
analysis of OCSB-attributable changes in this hotspot region (Fig. S1b). The nested domain used the same
physical and chemical parameterizations as Domain 1 (Table S1). Unless otherwise noted, national-scale
results are based on the 36 km simulations in Domain 1.

Meteorological initial and boundary conditions were taken from the National Centers for Environmental
Prediction (NCEP) Final (FNL) reanalysis dataset (https://rda.ucar.edu/datasets/ds083.2, accessed on 29
May, 2025). Anthropogenic emissions were obtained from the Multi-resolution Emission Inventory for
China33 34 version 1.4 (MEIC v1.4, http://meicmodel.org.cn, accessed on 29 May, 2025) with a spatial
resolution of 0.25° x 0.25°. MEIC is a bottom-up inventory developed by Tsinghua University that compiles
emissions from many detailed anthropogenic source categories, which are aggregated into five major sectors
(power, industry, residential, transportation, and agriculture), and provides gridded emissions of major air
pollutants and precursors over mainland China. MEIC has been widely applied in regional air quality, health
impact, and climate studies over China®> 3%, Simulations for 2003, 2008, 2013, and 2018 used the
corresponding annual MEIC inventories, whereas the 2021 simulations used the latest available 2020

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

inventory. Emissions outside China are based on the MIX emission inventory?” version 1.1 (MIX vl.1,
http://www.meicmodel.org/dataset-mix, accessed on 29 May, 2025) with a spatial resolution of 0.25° x
0.25°, which provides 2010 anthropogenic emissions and was developed to support the Model Inter-
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Comparison Study for Asia (MICS-Asia) and the Task Force on Hemispheric Transport of Air Pollution
(TF HTAP) using a mosaic of up-to-date regional emission inventories. Biogenic emissions were calculated
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online using the Model of Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN v2.1)%.
Chemical initial and boundary conditions were provided by daily forecasts from the Community
Atmosphere Model with Chemistry (CAM-chem)3® and the Whole Atmosphere Community Climate Model
(WACCM), developed by the National Center for Atmospheric Research (NCAR).

The OCSB emission inventory used in this study was developed in-house by Beijing University of
Technology*® 4!. This inventory applies a Fire Radiative Energy (FRE)-based approach to derive the open
burning proportion (OBP), enabling estimation of the fraction of crop residues burned in the field without
relying on time-consuming and expensive field investigations. FRE is retrieved from MODIS active fire
products, and crop straw production is estimated from crop yield statistics combined with literature-based
straw-to-grain ratios for major cereal crops (e.g., wheat, maize, and rice). Emissions are then calculated by
multiplying the resulting burned residue mass by pollutant-specific emission factors for gaseous and
particulate species, which are derived from Chinese field measurements where available and supplemented
by laboratory measurements and literature values when needed. In crop straw burning emission inventories,
OBP is a key parameter that can greatly affect the accuracy of emission estimates and is often prescribed as
a fixed value. Zhou et al.*! showed that this FRE-based OBP scheme reproduces field-investigated OBP
with an overall correlation coefficient of about 0.7 and avoids the systematic under- and overestimation (by
roughly 5-30%) of national PM, s emissions that arise when fixed OBP values are used across years, thereby
better reflecting interannual changes in OCSB emissions. The FRE-based OBP framework also exhibits
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improved spatial applicability across regions and good consistency with field-investigated OBP d%t&:ll% El&
study, OCSB emissions were released into the first vertical layer, and plume-rise parameterization is not
applied, consistent with previous regional modeling work on crop straw burning in China*?. Field
observations also indicate that crop residues in China are typically burned in small, short-lived piles with
limited plume rise®. In addition, localized measurements of OCSB chemical composition in China remain
relatively limited. In our emission inventory, we assume that the chemical composition within each straw
type remains constant over time. Under this assumption, temporal variations in OCSB emissions are
primarily reflected in the total emission magnitude and the relative contributions from different straw
sources.

To quantify the long-term changes in OCSB emissions and associated impacts on air quality, health, and
climate, we conducted WRF-Chem simulations for June in 2003, 2008, 2013, 2018, and 2021. These five
years were selected because they represent key policy nodes in China’s air-pollution and straw-burning
control efforts. We specifically focused on the month of June in each year, when OCSB activity has
historically been particularly important, especially in earlier high-emission years (explained in detail in
Section 3.1). We designed two simulation scenarios in each month. In the SIM_OCSB scenario, total
emissions include anthropogenic, biogenic, and OCSB sources. In the SIM_noOCSB scenario, OCSB
emissions are excluded, while all other configurations remain identical. The difference between SIM_OCSB
and SIM noOCSB is interpreted as the OCSB-induced contribution to pollutant concentrations. The
absolute PM, 5 contribution from OCSB is calculated using Eq. 1, and the relative contribution is defined
by Eq. 2.

OCSBmass = SIMocsp — SIMpo0csp(1)

0CSB
OCSB contribution = WTZS: )

2.2 Observational datasets

Surface meteorological observations were obtained from the China National Meteorological Science Data
Center (http://data.cma.cn/en, accessed on 1 June, 2025). Hourly surface air pollutant concentrations were
acquired from the China National Environmental Monitoring Center (http://www.cnemc.cn, accessed on 1
June, 2025). Fire activity data were derived from the MODIS Collection 6.1 active fire products provided
by NASA’s Fire Information for Resource Management System (FIRMS;
https://firms.modaps.eosdis.nasa.gov, accessed on 13 June, 2025), based on observations from the Terra and
Aqua satellites. Model performance was evaluated following the statistical criteria proposed by Emery et
al.* %5 by comparing WRF-Chem simulations with observations for key meteorological variables and major
air pollutants. Seven commonly used performance metrics were calculated, as summarized in Table S2.
Model evaluation against these surface meteorological and air quality observations is presented in the
Supporting Information (Text S1).

2.3 Health exposure assessment

To assess short-term PM,s exposure and its evolution under emission control policies, we used the
population-weighted concentration (PWC) metric (Eq. 3) to quantify the population-average PM, 5 exposure
at the provincial level.

pwe = HEXP
3P,

where i denotes the grid cell within the model domain, C; is the PM,; s concentration in grid cell 7, and P; is
the corresponding population. Gridded population data were obtained from the WorldPop database
(http://www.worldpop.org, accessed on 14 August, 2025) using the China 2018 UN-adjusted dataset*®, and
adjusted to match national total population estimates reported in the China Statistical Yearbook 2019. For
health impact calculations, we used the 2018 population distribution and baseline mortality rates for all
simulation years (2003, 2008, 2013, 2018 and 2021). This fixed-population setup allowed differences in
OCSB-attributable health burdens between years to be driven mainly by changes in OCSB-induced PM, 5
rather than by demographic or baseline mortality changes.
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We applied an exposure-response-based Health Impact Assessment (HIA) model to estimate non—B%(f_i(ilg% IDSEAGOLGAA

all-cause premature deaths attributable to short-term increases in PM, s induced by OCSB (Eqs. 4—7). The
exposure—response coefficient (B) was adopted from Chen et al.#’, who conducted a time-series analysis for
272 Chinese cities; Chen et al. reported the effect as a percentage increase in mortality risk per 10 pg m™3
increase in PM, s, which we converted to the corresponding log-linear coefficient 3 used in Egs. 5—6.

_ SIMocss SIMnoocsp
ACe; = Ciy —Ce 4)

AC;
Ry = exp( 2 )5)
AC;
AF i =1—exp| —f 10 (6)
Yo,annual

AM;; = yo_dailyPiAFt,i, Yo,daily = 365 (7

where AC:; denotes the OCSB-induced increment in PM, 5 concentration for grid cell i on day t; RR;; is
the relative risk of mortality associated with the OCSB-induced PM,; s increment AC;, based on a log-linear
coefficient per 10 pg m increase in PM,s; AF;; is the attributable fraction of deaths due to the OCSB-
induced PM, s increment AC:;; AM;; represents the number of attributable deaths per day; y, is the
baseline non-accidental mortality rate; and P; is the population in grid cell i.

3 Results and discussion

3.1 Spatiotemporal changes in OCSB-induced emissions

Fig. 1a shows the monthly fractions of annual OCSB-PM, s emissions for 2003, 2008, 2013, 2018, and
2021. All years exhibit pronounced seasonal peaks. Before 2013, June consistently accounts for the largest
share, with June emissions in 2013 reaching 309.7 Gg (Fig. 1b), substantially higher than in 2003 (193.8
Gg) and 2008 (282.6 Gg), indicating that intensive burning during the summer harvest season largely
controls annual OCSB-PM,; 5 emissions. However, the seasonal peak had shifted to earlier months by 2018.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

June emissions decreased by ~77.5% to 69.8 Gg, and March—April emissions became the largest monthly
contributors (Fig. S2). The monthly distribution for 2021 further confirms this transition, with April
emerging as the new peak month rather than early summer. These results indicate that, under policy
intervention, the seasonal pattern of national OCSB-PM,; 5 emissions has been substantially reshaped, with
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the dominant peak shifting from June to early spring due to a combination of sharply reduced June emissions
and substantially enhanced April emissions.

(cc)

We analyzed the spatiotemporal patterns of June OCSB-PM, s emissions for the selected years. Overall,
high-emission areas are consistently concentrated over major grain-producing regions, particularly the NCP
and adjacent regions (Fig. 1¢), including provinces such as Henan, Shandong, northern Jiangsu, and northern
Anhui. This aggregation pattern is evident in all years, but the spatial extent and intensity of emissions vary
over time. In 2018 and 2021, high-emission areas shrink substantially and only localized hotspots remain,
with markedly reduced intensities. In contrast, emission signals in the Northeast China Plain and the
Middle-Lower Yangtze Plain are generally weaker and more scattered in June. This may be related to
differences in regional crop planting structures and harvest calendars, as discussed in Section 3.4. Fig. 1d
shows that OCSB emissions in earlier years (e.g., 2003 and 2008) display sharp peaks concentrated in early
to mid-June, with maximum daily totals reaching 40.2 and 54.7 Gg. By 2018 and 2021, such short-term
intensive burning in June has largely disappeared. Daily emissions stay at relatively low levels for most of
the month, and the maximum daily peaks drop significantly to 8.2 and 9.1 Gg, indicating a pronounced
reduction in short-lived extreme burning in June episodes over major wheat-harvest regions.

We further corroborated these emission patterns using MODIS active fire detections. Analysis of fire counts
and locations (Fig. S3) captures the interannual variability in both the timing and spatial distribution of
active fires associated with open burning. In all years, fire hotspots in June exhibit strong spatial clustering,
with the NCP consistently serving as the core hotspot region (Fig. S3a), consistent with intensive wheat
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residue burning during the summer harvest. Meanwhile, fire detections are generally more disp§6§:el%il
show a scattered pattern over the Northeast China Plain and the Middle-Lower Yangtze Plain. Fire activity
strengthened from 2003 to 2013, peaking in 2013 with 11,891 detected fires, followed by a sharp decline.
By 2018, the number of detected fires had decreased by ~60.4% to 4,706. Before 2013, pronounced fire
outbreaks frequently occurred in early to mid-June (Fig. S3b), closely aligning with the peaks in OCSB
emissions. Taken together, the post-2013 decline in both MODIS fire activity and inventory-based
emissions across mainland China, with the most pronounced reductions over the NCP and adjacent wheat-
harvest regions, is consistent with strengthened straw-burning controls in recent years.

3.2 Impacts of OCSB controls on air quality and health burden

Fig. 2 summarizes the national OCSB-induced PM, 5 concentration contribution, population-weighted
exposure, and short-term premature mortality. Overall, the national mean OCSB-induced PM, 5 contribution
increased markedly in the early years reaching 2.82 pg m—3in 2013 (Fig. 2a), compared with 1.82 pug m=3 in
2003. In 2013, the median and interquartile range of the daily China-average contributions in June are also
the largest, with longer whiskers, indicating higher typical daily contributions and stronger day-to-day
variability during June. By 2018, the mean contribution dropped by 79.4% to 0.58 ng m3, and the box and
whiskers narrowed markedly, reflecting both lower contributions and reduced day-to-day variability. In
2021, the mean slightly rebounded to 0.62 pg m™3, but the median remained low and the spread stayed
limited, suggesting that OCSB-attributable PM, 5 contributions remained generally constrained nationwide.

Fig. S7 presents the spatial patterns and temporal evolution of OCSB-induced PM; s mass contributions and
relative contributions in June. At the national scale, the largest absolute contributions are consistently
concentrated over the southern NCP and adjacent regions. In June 2003, a pronounced hotspot emerges at
the junction of Jiangsu, Anhui, Shandong, and Henan, with a maximum contribution of 200.18 pg m~3 (Fig.
S7a). The high-contribution areas further expand in 2008 and 2013, with maximum values of 174.40 pg m=3
and 200.28 pg m3, respectively. By 2018 and 2021, these hotspots shrink markedly, and the maxima
decrease to ~30 pg m~3, with only limited areas retaining notable contributions, reflecting the effectiveness
of strengthened OCSB control measures in the southern NCP and adjacent regions after 2013. Meanwhile,
absolute contributions peak over the southern NCP, whereas relative contributions remain spatially scattered
in other grain-producing regions in some years, suggesting that OCSB impacts exhibit regional
heterogeneity.

To characterize the chemical composition of OCSB-attributable PM,s, we further quantified the
contributions of five major aerosol components, namely organic carbon (OC), elemental carbon (EC),
sulfate (SO4?"), nitrate (NO5~), and ammonium (NH4") (Fig. S8). Among these five components, OC
contributes the largest fraction, followed by secondary inorganic species (SO4>, NO5~, and NH,"), whereas
EC contributes a smaller but non-negligible portion. Although the absolute concentrations of all five
components decrease markedly after 2013 in response to strengthened control measures, their fractional
composition within OCSB-attributable PM, s remains broadly similar from 2003 to 2021, with no
pronounced interannual changes.

Changes in population-weighted PM, s exposure attributable to OCSB (PWC; Fig. 2b) closely track the
national mean OCSB-induced PM, 5 contribution. PWC increased from 7.34 ng m™3 in 2003 to 10.48 pg
m~3 in 2013, then dropped sharply to 2.15 pg m— in 2018 and modestly rebounded to 2.29 pg m3 in 2021.
Overall, PWC in 2021 decreased by ~78.1% relative to 2013. The vertical bars in Fig. 2b represent the
standard error across provinces. These standard errors are largest in the early years and much smaller in
2018 and 2021, suggesting reduced cross-provincial variability in OCSB-attributable exposure as overall
exposure declined. Fig. S9 further shows that the remaining exposure burden is concentrated in major grain-
producing provinces (Hebei, Shandong, Henan, Anhui, and Jiangsu), consistent with their persistent OCSB
activity during harvest seasons.

Fig. 2c shows that the temporal evolution of OCSB-attributable short-term non-accidental all-cause
premature deaths closely follows PWC. Estimated deaths peaked at 1,756 (95% CI: 1,200-2,231) in 2013
and declined to 393 (95% CI: 268-500) in 2021, representing a 77.6% reduction. This temporal evolution
closely mirrors the change in OCSB-attributable PWC, indicating that the decrease in exposure translated
into substantial short-term health benefits.-Beeause—a—fixed2018—population—distribution—and baseline

5
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by-changes-in-OCSB-induced PM. s rather-than-demeographic variability. Spatially. the largesB &b%% eﬁ’)ggi‘g&g;j

reductions are concentrated in eastern and central China, where OCSB-attributable exposure was highest.

3.3 Impacts on surface radiation and near-surface air temperature

Fig. 3 illustrates the interannual variations in June OCSB-induced surface shortwave net radiation (SWNET)
and 2 m air temperature (T,) over China and four key regions (East China (EC), Central China (CC), North
China (NC), Northeast China (NEC)). The provincial composition of each region is listed in Table S4.
Overall, OCSB leads to surface shortwave dimming, with pronounced regional contrasts (Fig. 3a). The
national-mean SWNET reduction is largest in 2013 (—0.60 W m™2). Regionally, the dimming reaches —2.81
W m™2in CC and —1.74 W m™2 in EC; changes in NC and NEC are close to the national mean. In 2018, the
OCSB-induced dimming weakens substantially, with regional means spanning —0.10 to —0.48 W m™.
Notably, EC shows a stronger SWNET reduction in 2021 (—1.30 W m™2), consistent with the continued
presence of June OCSB emission hotspots (Fig. 1c¢).

Fig. 3b shows the OCSB-induced change in June-mean T,. The T, response is negative in all years,
indicating an overall cooling associated with OCSB. The national mean cooling is strongest in 2008
(—0.0058 °C) and weakest in 2018 (—0.0025 °C), consistent with a weakened temperature response in the
later, lower-emission years. Regionally, Central China exhibits the largest cooling, reaching —0.0316 °C in
2008, whereas East China, North China, and Northeastern China show much smaller changes. Overall, the
regional contrasts highlight pronounced heterogeneity in the OCSB-induced temperature response.
Although SWNET and T, generally co-vary across years, their peak responses do not necessarily coincide
(e.g., Central China shows the strongest SWNET dimming in 2013 but the strongest cooling in 2008). This
mismatch suggests that, in addition to the radiative perturbation, the T, response may be modulated by year-
to-year variability in regional meteorology and land—atmosphere coupling.

Based on the above analyses, we find that the southern NCP and adjacent regions exhibit the strongest and
most spatially coherent changes in June OCSB-attributable impacts between 2013 and 2021. Therefore, we
conducted additional 12-km one-way nested simulations over the NCP and adjacent regions (Domain 2) to
increase the spatial resolution and provide a focused high-resolution assessment for this hotspot region. Fig.
4 displays the spatial differences in OCSB-attributable impacts in June between 2021 and 2013 (2021 minus
2013) over China (left panels) and the NCP and adjacent regions (right panels). We find that changes in
June OCSB-attributable impacts are most pronounced over the southern NCP, particularly in the border
region between Jiangsu, Anhui, Shandong, and Henan. In this hotspot region, the OCSB-attributable PM, s

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

contribution in June decreases markedly, with a regional mean reduction of 9.70 pg m3 and local decreases
exceeding 100 pg m—3. Compared with 2013, the aerosol perturbation associated with OCSB emissions in
June is weaker in 2021, and the resulting difference in OCSB-attributable SWNET response over the NCP
and adjacent regions shows a regional-mean increase of 2.34 W m™2, indicating a weakened shortwave

Open Access Article. Published on 28 januar 2026. Downloaded on 28-01-2026 23:28:52.

dimming effect. By contrast, the OCSB-attributable T, response shows a small and spatially heterogeneous
difference, with a regional-mean change of only +0.007 °C over the NCP and adjacent regions, suggesting

(cc)

that OCSB has only a minor influence on near-surface temperature in June when averaged over this area.

3.4 Discussion

Compared with previous studies, this work provides a national-scale assessment of OCSB impacts spanning
2003-2021 during the summer harvest season, based on simulations for five specific years. Earlier regional
modeling studies based on WRF-Chem or CMAQ have shown that OCSB can increase PM, s concentrations
by 20-40% over the NCP or CC during specific years or pollution episodes, identifying OCSB as an
important driver of heavy haze events??. Our results confirm this conclusion at the national scale and further
demonstrate that the contribution of OCSB to PM, 5 in June is substantially larger in high-emission years
and becomes markedly lower in later years during a period of strengthened controls. This pattern is
qualitatively consistent with Huang et al.?6, who reported an approximately 47% reduction in OCSB-
attributable PM, s emissions due to straw-burning bans. Notably, we observe a modest rebound OCSB
emissions in June from 2018 to 2021. Considering both the national OCSB emissions in June and the
nationwide mean OCSB-attributable PM, 5 contribution, we find a modest increase in 2021 relative to 2018.
However, this rebound is primarily driven by enhanced signals over Shandong, Jiangsu, Anhui, and Henan
in the southern NCP and therefore does not imply a uniform nationwide resurgence. This rebound in certain
regions is consistent with recent studies and suggests spatially heterogeneous enforcement and adaptive
burning behavior. He et al.*® reported renewed increases in fire activity over provinces such as Guangxi and
Hunan during 2021-2023, reflecting spatial heterogeneity in local enforcement. Lv et al.*® found rising
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fractions of nocturnal burning in April prior to spring ploughing in central and northeastern Ch&l&, 1‘8%
Liang et al.%0 highlighted insufficient mechanization, weakened subsidies for straw utilization, an
economic pressures as key drivers undermining control effectiveness.

Additionally, the relatively weaker and more spatially dispersed OCSB emissions and impacts observed in
June over the Northeast China Plain and the middle—lower Yangtze River Plain (Fig. 1c; Fig. S7) do not
imply that OCSB influences in these regions are negligible on an annual basis. Instead, this pattern more
plausibly reflects regional differences in cropping systems, harvest calendars, and straw disposal practices.
Satellite-based fire detections and emission inventories consistently show that open-air crop residue burning
is strongly regulated by agricultural seasonality in China. In the main NC production belt dominated by
winter wheat—-summer maize rotation, hotspots and emissions peak sharply in May—June following wheat
harvest, with a secondary peak in September—October associated with maize harvest. By contrast, the
Northeast China Plain exhibits more pronounced fire and emission peaks during spring land preparation
(April) and after the autumn harvest (late October)!>. During the summer harvest season in June, the
Northeast China Plain is dominated by single-cropping systems with maize and soybean as the primary
crops. Consequently, OCSB-attributable signals in June tend to be more scattered and localized, reflecting
the influence of region-specific cropping systems and agricultural calendars®!. This contrasts with the
continuous high-emission belts observed during winter wheat harvest in the southern NCP. For the Middle—
Lower Yangtze Plain, rice-wheat rotation systems imply a potential open-burning window during the May—
June wheat-harvest period®?. Meanwhile, recent control strategies in many provinces have increasingly
combined open-burning bans with measures promoting in-field straw return and off-field comprehensive
utilization’3. Previous studies have shown that integrated control strategies, when supported by straw
utilization systems and fiscal incentives, can substantially reduce the frequency and intensity of open straw
burning, thereby contributing to improved air quality?3. This progress is also strongly influenced by farmers’
access to and adoption of straw disposal technologies, such as mechanical shredding and deep plowing, as
well as their cost—benefit considerations®*.

Nationwide multicity epidemiological studies in China have reported consistent associations between short-
term PM,s exposure and all-cause as well as cardiorespiratory mortality, supporting the use of
concentration—response functions to quantify acute health impacts attributable to OCSB-induced PM, 5#7-33.
In this study, the close co-variation between OCSB-attributable premature deaths and PWC (Fig. 2)
underscores exposure as the dominant driver of the short-term health burden in our framework. The sharp
decline from the 2013 peak to 2021 indicates that reduced OCSB-attributable PM, 5 exposure translated into
substantial acute health benefits during the harvest season. Because we applied a fixed 2018 population
distribution and baseline mortality rates across all years, interannual differences in premature deaths
predominantly reflect changes in OCSB-induced PM, 5 rather than demographic shifts. Although we did not
derive provincial premature-death estimates, the provincial PWC patterns suggest that health benefits are
likely concentrated in provinces with the largest reductions in OCSB-attributable exposure.

Our findings on surface radiation and temperature feedbacks further highlight the climate co-benefits of
OCSB emission reductions. Previous studies have shown that organic carbon and black carbon from crop
residue burning and other biomass fires can attenuate surface shortwave radiation, enhance atmospheric
heating, and modify boundary layer structure, thereby inducing cooling responses at regional scales3¢->8.
Although we do not consider brown carbon in this study, which may lead to underprediction of the
atmospheric heating of OCSB, our results consistently indicate that during high-emission years (e.g., 2013),
OCSB-induced negative shortwave radiative forcing and surface cooling are most pronounced over central
China and the southern NCP. As OCSB emissions decline, associated aerosol loadings decrease, leading to
weaker negative shortwave forcing and a reduced cooling effect. For example, over the NCP and adjacent
regions, OCSB-attributable SWNET and T, are higher in 2021 than in 2013, consistent with reduced
radiative dimming and a weaker cooling response in the lower-emission year.

A few limitations exist in this study. First, we apply a fixed baseline mortality rate and do not account for
heterogeneity in vulnerability across regions, age groups, and health status, nor for potential changes in
underlying mortality patterns. The assessment focuses solely on short-term acute exposure, without
accounting for chronic effects or interactions among multiple pollutants and temperature, and thus likely
provides conservative estimates of health risks. Second, aerosol-radiation—boundary layer feedbacks are
highly complex, and our representation may not fully capture processes such as convective adjustments and
cloud responses, leading to potential underestimation of meteorological feedbacks. Third, the accuracy of
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uncertainties in biomass burning emission estimates. We use the most state-of-art OCSB emission estimates
in this study by combing the FRE-based OBP scheme, and crop straw production from crop yield statistics,
and localized emission factors from Chinese field measurements. Although the emission estimates have
been validated previously*% 4!, uncertainties still exist, which are primarily derived from activity data (e.g.,
burned area, fuel load, combustion efficiency) and emission factors that vary significantly with vegetation
type, fire intensity, and meteorological conditions. These emission uncertainties propagate through air
quality models, leading to biased simulations of pollutant concentrations. Uncertainties also arise from the
simplified vertical allocation of OCSB emissions. As described in Section 2.1, all OCSB emissions in our
configuration are injected into the first model layer without a plume-rise parameterization. This treatment
may slightly overestimate near-source surface PM,s and shortwave dimming while potentially
underestimating elevated and downwind impacts. However, because the same injection approach is applied
consistently across all years and scenarios, this simplification is unlikely to substantially affect the overall
multi-year patterns reported in this work. Finally, we lack quantitative indicators of policy stringency and
enforcement, making it difficult to attribute observed changes in OCSB emissions and air quality
unambiguously to specific measures; concurrent socioeconomic dynamics may also modulate residue
burning activities and pollution levels.

4 Conclusions

We present a unified national-scale quantification of the integrated impacts of OCSB during China’s
summer harvest over 2003—2021 under policy-driven changes. We find a pronounced decline OCSB
emissions in June and corresponding reductions in OCSB-attributable PM, 5 enhancements, population-
weighted PM, s exposure, and short-term PM, s-related premature mortality at the national scale, indicating
substantial air quality and acute health benefits during the harvest season in recent years. Consistent with
these improvements, OCSB-attributable surface shortwave dimming and near-surface cooling weaken over
time, indicating a reduced climate-relevant influence in later years.

The southern NCP remains the dominant hotspot of OCSB influence across metrics. A modest rebound from
2018 to 2021 is primarily concentrated over Jiangsu, Anhui, Shandong, and Henan, rather than reflecting a
uniform nationwide resurgence, implying spatially heterogeneous enforcement and adaptive burning
behavior. Overall, our results identify OCSB as a major policy-relevant source whose adverse air quality,
health, and radiative impacts can be substantially mitigated through strengthened and regionally targeted
controls, together with sustained incentives for straw utilization. Future studies could better explain the
2018-2021 rebound and regional heterogeneity by integrating quantitative proxies of policy enforcement
together with socioeconomic constraints on straw utilization. They should also explicitly characterize the
day-night variability of burning and potential timing shifts under the combined influence of regulation and
meteorology to identify adaptive burning behavior and its implications for emissions and exposure. In
addition, health assessments would benefit from incorporating age- and cause-specific baseline mortality
and extending impact quantification from short-term acute exposure to long-term exposure effects. To more
robustly constrain climate-relevant responses, future work should improve and observationally evaluate
aerosol optical properties, including brown-carbon absorption, and better constrain aerosol-cloud
interactions, thereby strengthening attribution and co-benefit estimates.
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Fig. 1 OCSB PM, 5 emissions over China in 2003, 2008, 2013, 2018, and 2021. (a) Monthly shares of annual PM, 5 emissions from OCSB; (b)
national total emissions in June; (c) June-mean spatial distribution of PM, s emissions; (d) national daily total PM, s emissions in June.
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Fig. 2 OCSB impacts on PM, s, population-weighted PM, s (PWC), and premature mortality in June for 2003, 2008, 2013, 2018, and 2021. (a)
National June mean PM, s attributable to OCSB. (b) National APWC (vertical bars are standard errors (SE) across provinces.) (¢) National short-term
premature deaths attributable to OCSB, estimated from APM, s using a lag 0-1 concentration—response function; vertical bars show the 95%

confidence interval propagated from the B coefficient.
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Data availability

Data will be made available on request.

The Supplementary Information (SI) consists of one supporting text (Text S1), nine figures (Figs. S1-S9),
and four tables (Tables S1-S4). Text S1 and Figs. S4-S6 provide the WRF-Chem model evaluation
against surface meteorological variables and major air pollutants across 74 cities. Figs. S2—S3 summarize
OCSB-induced PM,s emissions and MODIS active-fire detections. Figs. S7-S9 present OCSB-
attributable PM, s impacts (absolute and relative), the chemical composition of OCSB-attributable PM, s,
and provincial population-weighted PM, s concentrations. Tables S1-S4 provide the WRF-Chem model
configuration, the definitions and formulas of the statistical metrics, the list of the 74 evaluation cities, and
the definition of the four analysis regions with province lists, respectively.
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