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quality and health benefit in China is
assessed.

• Total PM2.5 emissions from OCSB de-
creased by 47% due to straw burning
bans, although substantial regional dif-
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mated to be 4,256 on a national scale.
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Open biomass burning (OBB) plays an important role in air pollution and climate change by releasing
short-term but intensive amounts of particulate matter and gaseous air pollutants. During past years,
policies with respect to prohibition on open straw burning have been issued in China in order to mit-
igate the air pollution problems and the effectiveness of these straw burning bans in different regions
remains to be evaluated. In this study, open crop straw burning (OCSB) emissions during 2010–2018
were analyzed based on a commonly used emission inventory with high spatial and temporal resolu-
tion. High emissions concentrated over Northeast China (31.8% of national total PM2.5 emissions in
2018), East China (24.0%), and North China (16.6%). Simulations based on an integrated meteorology-
air quality modeling system and an exposure-response function show that OCSB emissions could in-
crease monthly PM2.5 concentration by as much as 10 μg/m3 during burning seasons in Northeast
China and were associated with 4741 premature deaths in 2018. Spatial heterogeneities were observed
with respect to the trends of OCSB emissions during 2010–2018. In East China, North China, and Central
China, OCSB emissions showed a general declining trend since 2013 while an opposing increasing trend
was observed in Northeast China with peak emissions in 2017. Comparing 2013 (before intensive im-
plementation of straw burning bans) and 2018 (after), national total PM2.5 emissions from OCSB activ-
ities decreased by 46.9%, ranging from −14.1% to +70% depending on the specific regions. Northeast
China is the only region that showed higher OCSB emissions in 2018 compared to 2013, probably asso-
ciated with the relatively delayed implementation of the straw burning bans. Avoided number of pre-
mature deaths due to reduced OCSB emissions was estimated to be 4256 on a national scale, with
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most health benefits gained in East and Central China. Results from this study demonstrate the impor-
tance of OCSB contribution to PM2.5 concentrations and spatial heterogeneities exist in terms of the ef-
fectiveness of the straw burning bans in reducing OCSB emissions and gained health benefits.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Open biomass burning (OBB), including forest fires, grassland fires,
shrub fires, and crop straw burning, represent an important source of
fine particulate matter (PM2.5, aerodynamic diameters less than
2.5 μm) and trace gases that could have substantial impacts on atmo-
spheric chemistry, regional climate and public health (Zha et al., 2013;
Zong et al., 2016; Zhou et al., 2017). Bond et al. (2004) found that the
emissions from OBB accounted for 26–73% of global total PM and
33–41% of fine black carbon (BC) whileWiedinmyer et al. (2011) calcu-
lated contribution of OBB to global BC, carbon monoxide (CO), and
organic carbon (OC) emissions by 72%, 33%, and 62% in 2008, respec-
tively. Streets et al. (2003) estimated that the amount of biomass
burned in Asia in 2000was 730 Tg and 250 Tgwas due to open burning
of crop residues, of which China and India accounted for 110 Tg and 84
Tg of burning residues, respectively.

As a major method to remove crop residues, provide fertilization,
and manage pests (Korontzi et al., 2006), open crop straw burning
(OCSB) constitutes an important part of OBB activities and is very com-
mon in peri-urban and rural areas (Yevich and Logan, 2003; Yin et al.,
2021). During 2001 and 2003, the Russian Federation accounts for
31–36% of global agriculture fires, making it the largest contributor to
agriculture burning (Korontzi et al., 2006). In southeastern Asian coun-
tries, such as India, Thailand, Philippine, agricultural burning activities
are also very active (Gadde et al., 2009; Kumar et al., 2015). Being a
large agricultural country, China also has huge biomass burning emis-
sions, especially associatedwith OCSB. It is reported that nearly 100mil-
lion tons of biomass in China is burned in the open fields every year
(Zhang et al., 2015) and OCSB in China accounts for approximate 20%
of global agricultural waste burning emissions (Hong et al., 2016).
From 2002 to 2016, the annual emissions of various air pollutants (e.g.
BC, OC, PM2.5, etc.) from OCSB have been continuously increasing by
~200% in China (Mehmood et al., 2018). Meanwhile, rapid industrializa-
tion and urbanization over the past several decades have led to frequent
occurrences of severe haze pollution with high PM2.5 concentrations in
China (Li and Zhang, 2014; Wu et al., 2016; Bei et al., 2020; Gao et al.,
2020; Shen et al., 2020). Many studies have shown that OBB plays an
important role during heavy haze episodes, especially during the post-
harvest season when agriculture burning activities are intense (Cheng
et al., 2014; Zhou et al., 2018; Yang et al., 2020). For example, Cheng
et al. (2014) found that from 28 May to 6 June 2011, OBB contributed
37% of PM2.5 observed concentrations in the Yangtze River Delta
(YRD) region. Zhou et al. (2018) investigated the intense biomass burn-
ing events in the North China Plain and found that OCSB contributed an
average of 19% to PM2.5 concentration in Beijing during a severe haze
episode of October 2014. Yang et al. (2020) showed that in Northeast
China the contribution of OBB to PM2.5 concentration was 52.7% during
the post-harvest season in November 2015.

Although still under debate, open straw burning has been banned in
many regions or countries, such as the U.S., European Union, China,
India, Austria, and Southeast Asia (Pollution Control Department,
2012; Vagg, 2015; Pandey et al., 2017; Tore, 2019), with the aim of re-
ducing CO2 emissions and mitigating smog problems. Junpen et al.
(2018) assessed the trends of paddy field areas burned in Thailand dur-
ing 2010–2017 and a decreasing trend was observed since 2012 as the
result of bans imposed on crop residue burning and promotion of utili-
zation of crop residue. Seglah et al. (2020) indicates that the current
crop straw utilization is not effectively practiced in Northern region of
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Ghana and consistent policies with respect to prohibition of field
straw burning are needed across all regions of Ghana. In 2013, the
State Council of China issued the “Air Pollution Prevention Action
Plan”, which requires “to realize comprehensive utilization of rural
waste and to reduce open burning of crop straw”. In 2013 and 2015,
the National Development and Reform Commission of China
successively issued the “Notice on Strengthening the Comprehensive
Utilization of Crop Straw and Banning of Crop Burning” and the “Notice
on Further Accelerating the Comprehensive Utilization of Crop Straw
and Banning of Crop Burning”with strengthened supervision and finan-
cial support to control OCSB activities. Since then, more andmore straw
burning relevant policies have been issued by provincial or municipal
government across China (e.g. “Notice on the Promotion and Release
of TenModels for Straw Farming” in China, “Action Plan for StrawTreat-
ment in Northeast China” in provinces of Liaoning, Heilongjiang and
Jilin). Thus, it is of great importance to evaluate the effectiveness of
these control policies in order to help the policy makers to adjust cur-
rent policies and formulate future ones. However, while spatial hetero-
geneities of the implementation of straw burning bans exist across
different parts of China, very limited studies have assessed the impacts
of straw burning bans on OCSB activities and subsequent air quality at
the national scale (Sun et al., 2019; Yang et al., 2020).

In this study, we first presented the spatial and temporal trends of
OCSB emissions in China for the period of 2010–2018 based on a fre-
quently used emission inventory. An integrated meteorological and air
quality model was applied to (1) quantify the contribution of OCSB
emissions to PM2.5 concentrations and (2) evaluate the impacts of
straw burning bans on PM2.5 concentrations. An exposure-response
function was further applied to estimate the health impacts associated
with OCSB and the implementation of straw burning bans. Results
from this study provide valuable information for formulating effective
strategies to mitigate air pollution and associated health impacts in
China as well as other regions of the world where OCSB emissions are
also intense (e.g. India, Iran, Saudi Arabia).

2. Methodology

2.1. Straw burning bans in China

The development of China's control policy related to prohibition on
open straw burning and straw utilization (together referred as straw
burning bans) can be roughly divided into three stages (Fig. 1). In
1999, China's Environmental Protection Administration and five other
departments jointly formulated the “Measures for the Management of
Prohibition of Burning and Comprehensive Utilization of Crop Straw”,
as the first national policy to emphasize open straw burning. Prior to
2010 (Stage I), only a few straw burning policies were formulated. Dur-
ing Stage II (2010−2013), the “Twelfth Five-Year Plan for Comprehen-
sive Utilization of Crop Straw Implementation Plan” was released in
2011, with emphasis on the expansion of areas with prohibited straw
burning and increased capital investment for straw utilization. A total
of 17 relevant policies were formulated at national or provincial level
(nine provinces/municipality affected: Henan, Hunan, Jiangsu, Shang-
hai, Hebei, Tianjin, Jilin, Gansu, Qinghai) during this stage and nearly
half of the policies were issued in East China, including Jiangsu and
Shanghai. With the release of the “Air Pollution Prevention Action
Plan” by the State Council in 2013, the number of policies related to
straw burning prohibition grew exponentially. During 2013–2018



Fig. 1. Timeline of the development of China's control policy related to bans on open crop straw burning and crop straw utilization (numbers next to the bar chart indicates the total num-
ber of relevant policies issued this year).
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(Stage III), at least 82 relevant policies were issued, affecting 28 prov-
inces in total. Table S1 summarizes a total of 101 relevant policies for
straw burning bans at national, regional, and provincial/municipal
level that is issued as of 2018. These policies require prohibiting the
burning of straw and improving the comprehensive utilization of
straw. Among the seven regions, East China has the greatest number
of policies (29)while South China has aminimumof 4. In terms of prov-
inces, Shanghai (8) has the most policies related to crop straw burning
and straw utilization, followed by the province of Heilongjiang (7),
Anhui (6), and Jiangsu (6). In this study, year 2013 is considered as
prior to intensive implementation of the straw burning bans and year
2018 as after; the differences between OCSB emissions in 2013 and
2018 are quantified to evaluate the effectiveness of straw burning bans.

2.2. OCSB emissions estimation

The daily Fire INventory from NCAR version 1.5 (FINNv1.5) with a
spatial resolution of 1 kmwas used to characterize the emissions of par-
ticles and trace gas from OCSB activities in China during 2010–2018
(Wiedinmyer et al., 2011; https://www.acom.ucar.edu/Data/fire/,
accessed on 10th April 2020). Based on satellite fire detection, FINN
combines land cover data, emission factors, and fuel loadings to calcu-
late emissions of various air pollutants from burning events in a
bottom-up fashion. Land cover data refers to the type of vegetation
being burned, which is determined by the MODIS Collection 5 Land
Cover Type product for 2005 (Friedl et al., 2010). Emission factors of dif-
ferent air pollutants are collected for different land types based on Akagi
et al. (2011), Andreae and Merlet (2001), McMeeking (2008), and
Andreae and Rosenfeld (2008). Fuel loadings refers to the amount of
available biomass that can be burned in each fire event, which is
assigned for different land cover based on values from Hoelzemann
et al. (2004). Although uncertainties exist (Wiedinmyer et al., 2011;
Chuang et al., 2015; Pimonsree et al., 2018), FINN is commonly used in
various studies due to its high spatial and temporal resolution
(Mehmood et al., 2018; Uranishi et al., 2019; Mehmood et al., 2020).
FINN provides emission estimates for a total of four burning types: for-
ests (tropical, temperate, boreal, temperate evergreen), grasslands and
3

savanna, woody savanna/shrublands, and croplands, of which the last
type is the focus of this study. FINN emissions are aggregated to provin-
cial and regional level based on the location of individual fire event. We
divided China into seven regions, namely the Northeast China, North
China, Central China, East China, South China, Southwest China, and
Northwest China, as shown in Fig. 2. Table S2 provides the list of prov-
inces in each region.

2.3. Model configurations

In this study, an integrated meteorology and air quality model is
used to quantify the contribution of OCSB emissions to PM2.5 concentra-
tions and evaluate the effectiveness of straw burning bans in China. The
Weather Research and Forecasting (WRF) model (version 3.4,
Skamarock and Klemp, 2008) provides the inputs of meteorological
fields and the subsequent air quality is simulated by the latest version
of the Comprehensive Air QualityModel with Extension (CAMx, version
7.0, http://www.camx.com/, accessed on 11th January 2020). The con-
figurations in WRF/CAMx are similar to our previous studies (Li et al.,
2020; Huang et al., 2021a) and are summarized in Table S3. The model-
ing domain covers entire China and surrounding countrieswith a spatial
resolution of 36-km (Fig. 2). Anthropogenic emissions for China come
from the Multi-resolution Emission Inventory of China for year 2017
(MEIC, http://www.meicmodel.org, accessed on 12th January 2020) de-
veloped by Tsinghua University; emissions outside China are based on
the European Commission's Emissions Database for Global Atmospheric
Research (EDGAR, http://edgar.jrc.ec.europa.eu/index.php, accessed on
14th January 2020) for year 2010. Biogenic emissions are calculated
by an updated version of the Model of Emissions of Gases and Aerosols
from Nature (MEGAN, version 3.0, http://aqrp.ceer.utexas.edu/projects.
cfm, accessed on 15th January 2020). We also calculated sea salt emis-
sions and lightening NO emissions using programs developed by
Ramboll (2020) http://www.camx.com/download/support-software.
aspx, accessed on 15th January 2020). In addition to the conventional
air pollutants, intermediate volatile organic compounds (IVOCs) repre-
sent an important precursor of the secondary organic aerosol (SOA)
(Robinson et al., 2007; Hodzic et al., 2010; Hayes et al., 2015; Jathar

https://www.acom.ucar.edu/Data/fire/
http://www.camx.com/
http://www.meicmodel.org
http://edgar.jrc.ec.europa.eu/index.php
http://aqrp.ceer.utexas.edu/projects.cfm
http://aqrp.ceer.utexas.edu/projects.cfm
http://www.camx.com/download/support-software.aspx
http://www.camx.com/download/support-software.aspx


Fig. 2.Map of classified regions and locations of national monitoring sites at 74 major cities.
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et al., 2017). However, IVOCs emissions are usually not provided in the
traditional emission inventory and only a few studies have studied the
IVOCs emissions and its impact of SOA formation in China (Zhao et al.,
2016; Wu et al., 2019; Huang et al., 2021a). In this study, we estimated
the IVOCs emissions based on the IVOCs-to-primary organic aerosol
(POA) ratio method for each emission category; calculation details
and source-specific ratios are present in Supplemental Information.

Three simulations were conducted for year 2018 with different OCSB
emissions while other model inputs and configurations were kept identi-
cal (Table 1). In the base emission scenario, emissions include thebase an-
thropogenic and biogenic emissions and OCSB emissions estimated for
2018. The base casemodel performancewas evaluated using the Pearson
correlation coefficient (R), mean bias (MB), root-mean-square error
(RMSE), normalized mean bias (NMB), and normalized mean error
(NME) against observations. Observed meteorological data, including
temperature, wind speed, and relative humidity were obtained from
National Meteorological Science Data Center (http://data.cma.cn/).
Daily observed concentrations of PM2.5, O3, SO2, and NO2 at
74 monitoring sites in China (Fig. 2) were obtained from the
China National Environmental Monitoring Center (http://www.
cnemc.cn/). Formula for each of the statistical metrics is given in
Table S4. In the second scenario, OCSB emissions were excluded and the
differences from the base scenarios represent the contribution of OCSB
emissions to PM2.5 concentrations. In the third scenario, the 2018 OCSB
emissions in the base scenario were replaced by the OCSB emissions for
year 2013. The differences between the base scenario and the third
scenario are used to demonstrate the impacts of straw burning bans on
PM2.5 concentrations.
Table 1
Simulation scenarios.

Scenario Emissions except OCSB OCSB
emissions

Scenario 1
(base)

MEIC 2017+ EDGAR 2010+MEGAN+ FINN 2018 for
vegetation types except croplands

FINN 2018

Scenario 2 –
Scenario 3 FINN 2013

4

2.4. Estimation of health impacts

To estimate the health impacts due to long-term PM2.5 exposure, the
premature mortality due to cerebrovascular disease (stroke), ischemic
heart disease (IHD), chronic obstructive pulmonary disease (COPD),
and lung cancer (LC) were calculated based on a widely used
concentration-response (C-R) model (Burnett et al., 2014):

RR Cð Þ ¼ 1þ α 1−e−γ C−C0ð Þδ
� �

, if C>C0

1, else

(
ð1Þ

H ¼ ∑B� P � RR−1
RR

ð2Þ

where RR is the relative risk; C is the simulated annual average PM2.5

concentration; C0 is the threshold value of PM2.5 concentration for each
disease; α, γ and δ are parameters used to describe the different shapes
of the C-R curve among various diseases (Table S5) (Jiang et al., 2015).
The national premature mortality (H) attributable to PM2.5 were then
estimated using Eq. (2) (Xie et al., 2016), in which B is the provincial
incidence of a given health impact (https://vizhub.healthdata.org/gbd-
compare/, accessed on 16th February 2020) and P is the exposed
population of each province in China derived from the 2019 Statistical
Yearbook. The number of premature death was first calculated at grid
cell level and then aggregated to provincial level. The differences of
prematuremortality between different scenarios reflect (1) the number
of premature mortality associated with OCSB emissions in 2018 and
(2) the number of avoided premature mortality as a result of the imple-
mentation of straw burning bans.

3. Results and discussions

3.1. Trends of OCSB emissions during 2010–2018

Table 2 summarized the annual emissions of seven air pollutants
from OCSB activities averaged during 2010–2018 by province and re-
gion. The annual total OCSB emissions of CO, non-methane organic

http://data.cma.cn/
http://www.cnemc.cn/
http://www.cnemc.cn/
https://vizhub.healthdata.org/gbd-compare/
https://vizhub.healthdata.org/gbd-compare/


Table 2
Annual OCSB emissions of major air pollutants by province and region averaged during
2010 to 2018 (unit: Gg/year).

Province CO NH3 NMOC NOx PM10 PM2.5 SO2

Northeast China 461.7 13.0 322.9 32.6 39.8 32.9 2.3
Liaoning 60.3 1.6 38.8 3.9 4.8 3.9 0.3
Heilongjiang 332.2 9.3 231.5 23.4 28.5 23.6 1.6
Jilin 69.1 2.1 52.7 5.3 6.5 5.4 0.4
North China 231.0 5.7 140.5 14.2 17.3 14.3 1.0
Hebei 101.9 2.4 59.7 6.0 7.4 6.1 0.4
Inner Mongolia 64.4 1.7 43.0 4.3 5.3 4.4 0.3
Tianjin 15.0 0.4 8.7 0.9 1.1 0.9 0.1
Beijing 13.9 0.3 7.6 0.8 0.9 0.8 0.1
Shanxi 35.8 0.9 21.6 2.2 2.7 2.2 0.2
Central China 265.0 6.3 155.1 15.7 19.1 15.8 1.1
Henan 159.9 3.6 88.7 9.0 10.9 9.0 0.6
Hubei 69.9 1.7 41.9 4.2 5.2 4.3 0.3
Hunan 35.1 1.0 24.5 2.5 3.0 2.5 0.2
East China 710.7 15.8 392.4 39.6 48.3 39.9 2.8
Fujian 15.6 0.4 10.0 1.0 1.2 1.0 0.1
Jiangsu 164.8 3.6 89.5 9.0 11.0 9.1 0.6
Shandong 172.4 3.9 97.2 9.8 12.0 9.9 0.7
Zhejiang 84.3 1.9 45.9 4.6 5.7 4.7 0.3
Shanghai 12.5 0.3 6.6 0.7 0.8 0.7 0.1
Anhui 224.9 4.9 120.8 12.2 14.9 12.3 0.9
Jiangxi 36.2 0.9 22.5 2.3 2.8 2.3 0.2
South China 48.4 1.3 31.1 3.1 3.8 3.2 0.2
Hainan 1.8 0.1 1.3 0.1 0.2 0.1 0.01
Guangdong 32.5 0.8 20.6 2.1 2.5 2.1 0.1
Guangxi 14.1 0.4 9.2 0.9 1.1 0.9 0.1
Southwest China 96.4 2.6 63.2 6.4 7.8 6.4 0.4
Tibet 0.6 0.02 0.4 0.04 0.1 0.04 0.003
Sichuan 45.7 1.1 26.9 2.7 3.3 2.7 0.2
Yunnan 16.5 0.5 12.2 1.2 1.5 1.2 0.1
Chongqing 18.0 0.4 10.8 1.1 1.3 1.1 0.1
Guizhou 15.5 0.5 12.9 1.3 1.6 1.3 0.1
Northwest China 49.6 1.2 28.9 2.9 3.6 2.9 0.2
Xinjiang 19.6 0.5 11.2 1.1 1.4 1.1 0.1
Qinghai 0.9 0.02 0.5 0.1 0.1 0.1 0.004
Gansu 4.2 0.1 2.7 0.3 0.3 0.3 0.02
Ningxia 2.5 0.1 1.6 0.2 0.2 0.2 0.01
Shaanxi 22.4 0.5 12.9 1.3 1.6 1.3 0.1
Total 1862.7 45.7 1134.1 114.5 139.7 115.4 8.0
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compounds (NMOC), PM10 (aerodynamic diameters less than 10 μm),
PM2.5, NOx, NH3, and SO2 averaged during 2010–2018 were estimated
to be 1862.7, 1134.1, 139.7, 115.4, 114.5, 45.7, and 8.0 Gg, respectively.
Since the emissions of different air pollutants were linearly correlated
with each other, PM2.5 is taken as the representative pollutant for fur-
ther discussions of the temporal and spatial variations. OCSB emissions
show significant spatial differences (Fig. 3). Being the main agricultural
Fig. 3. Spatial distribution of annual PM2.5 emissions from OCSB averaged over 2010 to
2018 (unit: tons/grid).
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regions in China, East China and Northeast China (outlined in Fig. 3) are
associatedwith highest PM2.5 emissions fromOCSB, each accounting for
34.6% and 28.5% of the national total emissions; both high emission in-
tensity (>100 tons/grid cell) and high emission density are observed for
these regions. South China and Northwest China exhibit the lowest
emissions associated with OCSB, each accounting only 2.7% and 2.5%
of the national total. High emission densities are seen over South
China but the emission intensities are low (less than 20 tons/grid cell).
Heilongjiang, Anhui, Shandong are the top three provinces with highest
OCSB PM2.5 emissions while Shanghai, Anhui, and Jiangsu show highest
emission density (calculated as emissions divided by area).

The year-to-year variations of OCSB emissions during 2010–2018
show substantial regional differences and are illustrated by Fig. 4. The
total PM2.5 emissions from OCSB exhibit an overall downward trend
from 2010 to 2018 with two obvious peaks in 2013 and 2017. The first
peak of 152.4 Gg in 2013 is predominantly contributed by emissions
from East China (42.5%), Central China (18.1%), Northeast China
(14.8%), andNorth China (13.8%). Except Northeast China, these regions
all exhibited an increasing trend from 2010 to 2013 followed by a de-
creasing trend from 2013 to 2018. In 2018, PM2.5 emissions from OSCB
activities in these three regions dropped by 74.4%, 64.6%, and 36.1%, re-
spectively, compared to their historicalmaximumduring 2010–2018. In
contrast, Northeast China exhibits a completely different trend of OCSB
emissions during 2010–2018 with constant increase before 2017
followed by a drastic drop in 2018. OCSB emissions increased from
16.8 Gg in 2010 to 75.6 Gg in 2017, representing a relative increased
by 351% (Table S6). The constant increase from 2010 to 2017 reflects
the expansion of agricultural sector and economic development in the
Northeast China yet relatively unconstrained open burning activities.
In 2015, the OCSB emissions in Northeast China exceeded that from
East China, becoming the top contributor to national total OCSB emis-
sions for the following years. Therefore, the trend of national total
PM2.5 emissions from OCSB during 2015–2018 follows Northeast
China, where a peak in 2017 followed by a sharp drop in 2018 is ob-
served. OCSB emissions from South China, Northwest China, and South-
west China are comparatively small (together <15% of total emissions)
and remains relatively unchanged during 2010–2018.

In terms of the intra-annual variations (Fig. 5), the total PM2.5 emis-
sions resulted from OCSB mainly concentrated from March to October
due to the harvesting of summer grains and autumn grains (wheat,
rice, corn, etc.). These monthly variations also vary by region. For exam-
ple, in East China, Central China, and North China, peak OCSB activities
were observed in June, each accounting for 38.2%, 30.1%, and 17.2% of
2010 2011 2012 2013 2014 2015 2016 2017 2018
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Fig. 4. Emissions of PM2.5 from OCSB in China by region from 2010 to 2018.
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the annual PM2.5 emissions. On the other hand, Northeast China exhib-
ited two distinct peaks of OCSB emissions in April and Octoberwhile the
emissions were negligible during the summer. The monthly variations
were mainly associated with the local planting structures and farming
habits.

TheOCSB emissions based on the FINNdataset is associatedwith un-
certainties (Wiedinmyer et al., 2006; Wiedinmyer et al., 2011). We
compared our resultswith another globalfire emission data – theGlobal
Fire Emission Database (with small fires) (GFED4s) as well as results
from previous studies (Qiu et al., 2016; Li et al., 2016) for year 2013
(Table 3). Results from Qiu et al. (2016) are mainly based on satellite
data while Li et al. (2016) is based on statistical data. In general, the
FINN emissions are comparable to that of GFED4s (except for NOx and
NMOC, which is much higher with FINN) but were much lower than
the other self-developed regional emission estimates (except for
NMOC). In terms of PM2.5, emissions generated from the global dataset
are lower by 85% than regional developed values. Surprisingly, FINN
gives the highest estimates of NMOC emissions, probably due to higher
emission factors being used. The discrepancies among different emis-
sion estimates are mainly associated with the burned area, land-cover
characterization, and the emission factors used (Wiedinmyer et al.,
2006; Wiedinmyer et al., 2011).

3.2. Impact of OCSB emissions on PM2.5 concentrations

3.2.1. Base case evaluation
The performance of the meteorology and air quality modeling sys-

tem is evaluated to ensure to reasonably reproduce the observed mete-
orological conditions and air quality levels. Statistical indices used for
WRFmodel evaluation include R, MB, RMSE, NMB, and NME and results
are shown in Table S7. Model performances of the base case simulation
Table 3
Comparison of OCSB emissions with previous studies for 2013 (unit: Gg).

Reference CO NH3 NMOC NOx PM2.5 SO2

This study 2915 60 1497 151 152 10
GFED 2570 55 249a 78 158 10
Qiu et al. (2016) 6098 60 1185 380 1019 52
Li et al. (2016) 7060 140 920 450 1140 70

a The NMOC value of GFED is non-methane hydrocarbon (NMHC).
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results for 2018 were evaluated extensively against ground-based ob-
servations of daily PM2.5, SO2, NO2, and O3 concentrations at 74 national
monitoring sites (Fig. 2). Fig. 6 shows the spatial distributions of simu-
lated seasonal averaged PM2.5 concentration in 2018 with observation
values laid on top. Values of model performance metrics, including
MB, RMSE, NMB, NME and R of daily PM2.5 concentration by season
and region are given in Table 4. Similar results for other pollutants are
provided in Fig. S1 and Table S8. As shown in Fig. 6, the model is gener-
ally good at capturing the spatial distributions and seasonal variations of
the observed PM2.5 concentration across China. Underestimation is ob-
served for winter, especially over the North China Plain where highest
PM2.5 concentrations are observed. The underestimation of PM2.5 con-
centration inwinter could be contributed bymany factors, of which un-
derestimation of emissions other than OCSB is one of them. Other
potential cause of underestimation could be bias in the simulatedmete-
orology, missing formation mechanism for secondary PM species,
especially for sulfate and secondary organic aerosols, where underesti-
mations of these species are frequently reported by previous studies
(Jiang et al., 2012; Couvidat et al., 2013; Li et al., 2015; Woody et al.,
2016; Gao et al., 2016; Meroni et al., 2017; Huang et al., 2019; Huang
et al., 2021a). RMSE for different regions ranges 5.8 to 33.4 μg/m3; R
values range from 0.50 to 0.89. Compared with the proposed bench-
marks in our previous study (Huang et al., 2021b), most of the calcu-
lated statistical metrics were able to meet the “criteria” values,
suggesting acceptable model performances. The model is also good at
capturing themonthly variations of PM2.5 concentrationswith underes-
timation in North China and Northeast China, as shown in Fig. S2. For
other pollutants, the model is able to capture the spatial distribution
well but overprediction exists for O3 concentrationswhile underestima-
tion for NO2; predicted SO2 concentration is relatively close to observed
values, with an overall MB of 0.1 μg/m3 and NMB of 1%. In summary, the
model performance for the base case scenario is generally acceptable.

3.2.2. PM2.5 concentrations and premature mortality attributable to OCSB
Two simulationswith andwithout OCSB emissions in 2018 (Table 1)

were conducted to quantify the contribution of OCSB to PM2.5 concen-
tration. Fig. 7a shows the spatial distribution of annual averaged PM2.5

concentrations attributable to OCSB emissions. As expected, OCSB emis-
sions lead to ubiquitous increase in PM2.5 concentrations across China.
Regions with high OCSB emissions, including Northeast China, Central
China, and East China, exhibit more impacts with increments of annual
averaged PM2.5 concentration over 1 μg/m3 due to open crop burning
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Fig. 6. Spatial distribution of simulated versus observed seasonal average PM2.5 concentrations (μg/m3) in 2018 (observed values shown by dots).
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activities. We further looked at the impact of OCSB emissions on PM2.5

concentrations by month and by region given that the short-term but
intensive feature of OCSB activities. As shown by Fig. 8, the monthly
contribution of OCSB activities to PM2.5 concentrations mostly corre-
lates to the variations of monthly OCSB emissions but is also affected
by themeteorology. For example, Northeast China shows a distinct pat-
tern of the impacts of OCSB emissions onmonthly PM2.5 concentrations
with substantial contributions during February to April and small con-
tribution during other months that match with the monthly variations
of OSCB emissions for that region. The maximum increase in monthly
average PM2.5 concentration could be as much as 10 μg/m3 in March
Table 4
Evaluation of PM2.5 concentrationsa.

Region/season Observed
average
(μg/m3)

Simulated
average
(μg/m3)

R MB
(μg/m3)

RMSE
(μg/m3)

NMB NME

China 41.8 36.2 0.65 −5.5 13.0 −13% 23%
Northeast China 35.7 29.6 0.50 −6.1 11.1 −17% 30%
North China 53.7 40.0 0.89 −13.7 15.0 −26% 26%
Central China 53.2 56.6 0.87 3.4 6.0 6% 10%
East China 40.0 40.4 0.87 0.5 5.8 1% 11%
South China 30.1 23.7 0.50 −6.4 8.0 −21% 24%
Southwest China 32.5 38.0 0.88 5.5 15.3 17% 42%
Northwest China 49.9 17.8 0.65 −32.1 33.4 −64% 64%
Spring 44.6 38.6 0.62 −6.0 13.8 −13% 23%
Summer 26.6 19.5 0.72 −7.1 9.7 −27% 31%
Fall 38.0 41.0 0.70 3.0 13.5 8% 27%
Winter 58.6 46.3 0.51 −12.3 24.8 −21% 28%

a Bolded values indicate that our value fail to meet the “criteria” values in Huang
et al. (2021b).
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at certain locations in Northeast China due to the intensive burning ac-
tivities under unfavorable meteorological conditions. On the other
hand, contribution of OCSB activities to PM2.5 concentration in East
China, North China, and Central China do not exhibit such distinct
monthly variations as Northeast China, partly because the OCSB emis-
sions are more evenly spread over multiple months in North China
and partly because the relatively favorable meteorological conditions
during the summer burning season in East China and Central China off-
set the negative impacts caused by the OCSB emissions. The PM2.5 con-
centration could be boosted by several μg/m3 due to OCSB emissions
over these regions. OCSB emissions in South China and Northwest
China are relatively small compared to the other regions; thus the im-
pacts of OCSB emissions on PM2.5 concentrations are correspondingly
smaller, with maximum increase of 1.5 μg/m3 at certain locations.

In the base scenario, the number of total premature deaths caused by
PM2.5 exposure in China in 2018 was estimated to be 967,230 (see de-
tailed number in Table S9), which is similar to results from other studies
(e.g. Ding et al., 2019;Wang et al., 2020). Stroke, IHD, COPD, and LC each
contributed 50.7%, 29.9%, 10.3% and 9.1% of the total premature mortal-
ity, respectively. The spatial distribution of premature mortality due to
PM2.5 exposure (Fig. S3) coincides with the region with both high pop-
ulation density and high PM2.5 concentrations. The top five provinces
that have highest premature mortality due to PM2.5 exposure are Shan-
dong (99,772), Henan (85,756), Sichuan (78,216), Jiangsu (74,234), and
Hebei (69,354). The number of premature deaths associated with OCSB
activities was estimated to be 4741 in 2018, accounting for 0.49% of the
total deaths. Spatially (Fig. 7c), health impacts from OCSB were mainly
concentrated in the areas where OCSB emissions were high, for exam-
ple, East China (1434) and Northeast China (1004). The five provinces
that exhibit highest premature mortality due to OCSB in 2018 were



Fig. 7. Spatial distribution of changes in annual PM2.5 concentration (unit: μg/m3; upper row) and premature mortality (unit: person/grid; bottom row) due to OCSB emissions (left) and
straw burning bans (right) (No data for Taiwan, Hong Kong and Macau).
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Hebei (517), Heilongjiang (481), Shandong (445), Jiangsu (337) and
Henan (319), which together accounted for 44.3% of the total premature
deaths attributable to OCSB.

3.3. Impact of straw burning bans

3.3.1. Changes in OCSB emissions
To mitigate the severe haze pollution in China, the central and local

governments have strengthened the prohibition of open straw burning
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and promoted the financial support for straw utilization in the past few
years. Since 2013, the number of policies related to straw burning bans
has grown exponentially (Fig. 1). Herewe consider year 2013 as prior to
the implementation of intensive straw burning bans and year 2018
when banning policies reached their strictest level. The total PM2.5

emissions associated with OSCB are estimated to be 80.9 Gg in 2018,
representing an absolute reduction by 71.4 Gg and a relative reduction
by 46.9% from 2013. Reductions of OCSB emissions in 2018 are promi-
nent during May to October (Fig. 9), with maximum absolute decrease
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of 35.6 Gg andmaximum relative decrease of 87% in June. However, in-
crease in PM2.5 emissions by 27%–340%were observed for January–April
of 2018. In February, PM2.5 emissions caused by OCSB activities in-
creased by 4 times in 2018 compared to 2013. These monthly changes
of the national total PM2.5 emissions are contributed by changes in
OCSB activities for different regions. For example, East China, North
China, and Central China show high OCSB emissions during late spring
and summer months (Fig. 5); meanwhile, these regions show signifi-
cant decrease of OCSB emissions in 2018 (70% for East China, 36% for
North China, and 65% for Central China) as a result of the implementa-
tion of straw burning bans (Fig. S4); therefore, the national total PM2.5

emissions during May to October dropped substantially in 2018. Prov-
inces located in East China and Central China, for example, Jiangsu,
Shandong, and Anhui, all exhibit significant reductions in open crop
burning activities and associated PM2.5 emissions since 2013. In con-
trast, Northeast China is the only region that show increasedOCSB activ-
ities (number of fire events increased by 105.8%) and associated PM2.5

emissions (by 14%) in 2018 compared to 2013. As mentioned above,
OCSB activities in Northeast China increased consistently during
2013–2017; although a drastic drop occurred in 2018 compared to the
maximum in 2017, emissions of PM2.5 and other pollutants in 2018
are still higher than the amount in 2013, especially during February –
April (Fig. S5), therefore leading to increased emissions during these
months. This reflects a delayed implementation of prohibitions on
open burning activities in Northeast China compared to other parts of
China. Emissions in other regions (South China, Southwest China, and
Northwest China) all show reductions by 8% ~ 58% in 2018; however,
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because their emissions are relatively small thus do not have much im-
pacts on the overall changes.

We further compared the characteristics of OCSB activities before
and after the implementation of straw burning bans by grouping
OCSB events based on the PM2.5 emissions into bins of 103 kg
(Fig. 9). In 2013, crop burning activities were dominated by burning
events with relatively large emissions (>4000 kg per event),
suggesting either large burned areas or long burning period. In
2018, crop burning activities shifted towards small burning events
with higher frequency of fires but with much lower emissions
(<2500 kg per event). Different regions have similar changes
(Fig. S6). These changes imply that the straw burning bans are
more effective at reducing large fire events but more efforts may be
needed to control small fire events.

3.3.2. Impact on PM2.5 concentrations and premature death
To evaluate the effectiveness of the burning bans on regional air

quality, we replaced the 2018 OCSB emissions in the base case scenario
with 2013 emissions while keeping other emissions and model config-
urations unchanged. The differences in simulated PM2.5 concentrations
are solely attributable to changes in OCSB emissions. As shown in
Fig. 7b, simulated annual averaged PM2.5 concentrations show wide-
spread reductions over China as a result of changes in OCSB emissions;
reductions are prominent in East China andmaximum decrease exceed
2.0 μg/m3. Fig. 10 shows the absolute changes of monthly average PM2.5

concentration by grid cells for each region andmonth. It should be note
that the locations of OCSB activities do not always match in space
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between 2013 and 2018 thus increases of PM2.5 concentration exist for
certain grid cells. All regions (except Northeast China) show an overall
trend of reductions inmonthly average PM2.5 concentrations and follow
the pattern of changes in monthly OCSB emissions. For example, great
reductions in monthly averaged PM2.5 concentration were observed
for June in East China with an averaged decrease by 2.4 μg/m3 andmax-
imum decrease exceeding 20 μg/m3 at certain locations. The corre-
sponding OCSB emissions decreased by 92% in June 2018 compared to
June 2013. Monthly averaged PM2.5 concentration in June and October
of North China also exhibit substantial reductions that correspond to
huge reductions of OCSB emissions from 2013 to 2018 for these two
months (66% and 32% for June andOctober). Northeast China exhibit in-
creases ofmonthly PM2.5 concentrations during the burning seasons be-
cause OCSB emissions during 2018 are still higher than 2013; on
average, the PM2.5 concentration increased by 1.1 μg/m3 in March
with maximum increase of 9.8 μg/m3.

The total number of premature deaths associated with PM2.5 expo-
sure was estimated to be 971,486 if the OCSB emissions were kept at
2013 level. Therefore, the total number of avoided premature deaths
due to reductions of OCSB emissions was estimated to be 4256 and
the spatial distribution mimics the changes in simulated changes in
PM2.5 concentration (Fig. 7d). East China had the highest number of
avoided premature mortality of 1958, accounting for 46.0% of the total
avoided deaths, followed by Central China (907), and North China
(634). The top five provinces with the highest number of avoided pre-
mature deaths due to the implementation of straw burning bans were
Shandong (522), Henan (476), Anhui (449), Jiangsu (358) and Hebei
(314). Because emissions from crop burning activities in Northeast
China increased slightly in 2018, the number of premature deaths actu-
ally shows an increase of 83. The results demonstrated that even greater
number of saved lives can be achieved by further reducing OCSB
emissions.

4. Conclusions

Being a common agricultural practice in China, open crop straw
burning represents an important source of atmospheric pollutants.
Based on the FINN inventory, high OCSB emissions concentrated over
Northeast China (31.8% of national total PM2.5 emissions in 2018), East
China (24.0%), and North China (16.6%). Spatial heterogeneities were
foundwith both themonthly and inter-annual variations of OCSB emis-
sions. Northeast China shows two peaks of OCSB emissions in April and
October while emissions in East China and Central China are intense
during the summer. An overall decrease of annual OCSB emissions are
observed in East China, Central China, and North China since 2013
whereas Northeast China exhibits peak emissions in 2017 followed
by a dramatic drop in 2018. Simulation results show that OCSB emis-
sions could increase the annual PM2.5 concentration by as 1 μg/m3 in
Northeast China, East China, and Central China; maximum increase in
monthly PM2.5 concentration could be as high as 10 μg/m3 in Northeast
China. In 2018, OCSB emissions are associated with a total number of
4741 premature deaths due to long-term PM2.5 exposure.

To mitigate the air pollution problem, series of policies related to
the prohibition of crop straw burning in the open fields were formu-
lated and implemented at different levels and over different regions
of China during the past years. The national total PM2.5 emissions
from OCSB activities in 2018 dropped by 46.9% compared to the
values in 2013, a year considered as the beginning of intensive im-
plementation of straw burning bans. Significant decreases of OCSB
emissions were found in East China (70%), Central China (65%), and
Northwest China (58%). Total avoided premature deaths are esti-
mated to be 4256 due to reduced OCSB emissions; Shandong (522),
Henan (476) and Anhui (449) represent the top three provinces
that gained most health benefits. However, although the implemen-
tation of straw burning bans leads to sharp decrease of OCSB emis-
sions in Northeast China from 2017 to 2018, the OCSB emissions in
10
2018 were still higher than 2013. Results from this study demon-
strate the spatial heterogeneities in terms of the effectiveness of
straw burning bans on reducing PM2.5 concentrations and associated
health impacts and even greater number of saved lives can be
achieved by further reducing OCSB emissions.
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