
Science of the Total Environment 711 (2020) 134633
Contents lists available at ScienceDirect

Science of the Total Environment

journal homepage: www.elsevier .com/locate /sc i totenv
Statistical evidence on the impact of agricultural straw burning on urban
air quality in China
https://doi.org/10.1016/j.scitotenv.2019.134633
0048-9697/� 2019 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail addresses: tliuaj@connect.ust.hk (T. Liu), gjhe@ust.hk (G. He), alau@ust.hk

(A.K.H. Lau).
Tong Liu a,⇑, Guojun He a,b, Alexis Kai Hon Lau c

aDivision of Social Science, and Institute for Advanced Study, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China
bDivision of Social Science, Division of Environment and Sustainability, and Department of Economics, The Hong Kong University of Science and Technology, Clear Water Bay,
Kowloon, Hong Kong, China
cDivision of Environment and Sustainability, and Department of Civil and Environmental Engineering, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon,
Hong Kong, China
h i g h l i g h t s

� Straw burning deteriorates ambient
air quality in prefecture-level cities in
China.

� A 10-point increase in straw burning
elevates monthly PM10 by 5 mg/m3 on
average.

� Straw burning does not impair CO,
NO2, O3 and SO2 statistically in
Chinese cities.

� The effect is statistically significant
for monthly burnings above 20
points.

� Upwind burnings’ effect is 2–4 times
larger than that of non-upwind
burnings.
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Straw burning and its association with PM10 in China in 2013–2015.
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Agricultural straw burning is prevalent globally with a long history, but evidence on its pollution and
health impact is limited in many countries. This study quantifies the effect of agricultural straw burning
on urban air quality in China. Fixed-effects (FE) panel regression models are employed to link straw burn-
ing points detected by high-resolution satellites to air quality monitored at 1650 ground-level stations
from 2013 to 2015. The method can explain over 80% of the monthly variation in urban air quality during
straw burning seasons. The results show that straw burning primarily affects particulate matter, and has
negligible effects on other pollutants. Specifically, ten additional burning points in a month in the rural
farmland of a city can lead to a 5.19 ± 2.54 mg/m3 (3.67%±1.76%) increase in urban PM10 concentration.
The effect is statistically significant for monthly burnings over 20 points. Upwind burnings’ effect is
2-4 times larger than that of non-upwind burnings. The contribution from straw burning remains
significant for daily and annual PM10 in urban areas. These estimates imply that straw burning should
be properly regulated to improve air quality and protect public health in China, and the method and
findings have broad implications for other agrarian regions with similar issues.
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1. Introduction

Agricultural straw burning in the open field is prevalent world-
wide as a way to facilitate farming while saving labor (Andreae and
Merlet, 2001). However, burning of crop residues can emit harmful
substances including particulate matter (PM), volatile organic
compounds, greenhouse gases and other toxics (Lemieux et al.,
2004; Estrellan and Iino, 2010; Sun et al., 2016), which damage
human health (Jacobs et al., 1997). Weather conditions (such as
wind, temperature, and humidity) can further interact with emis-
sions from straw burning and generate other secondary pollutants
(Keshtkar and Ashbaugh, 2007; Oanh et al., 2011; Sanchis et al.,
2014).

As the world’s largest producer of both crops and straws, China
now faces significant challenges in dealing with straw burning, as
the country’s crop production has been increasing over the past
few decades but the demand for straw as a fuel has been declining
in rural areas.1 Nevertheless, there lacks quantitative evidence on
the impact of rural straw burning on urban air quality on a large spa-
tial and temporal scale, which is critical for evidence-based policy-
making and for the protection of public health (see Shi et al.,
2014; Chen et al., 2017 for recent reviews).

Existing studies usually rely on chamber experiments, field
measurement, numerical modeling, and bottom-up calculations
to estimate how straw burning emissions affect the environment
(e.g., Lee et al., 2005; Dhammapala et al., 2006; Jimenez et al.,
2006; Gadde et al., 2009; Wang et al., 2009; Lin et al., 2010;
Yamaji et al., 2010; Zhang et al., 2011; Huang et al., 2013; Chen
and Xie, 2014; Marlier et al., 2015; Long et al., 2016; Nirmalkar
and Deb, 2016; Mehmood et al., 2018). A common caveat of these
approaches is that there exist huge uncertainties and high com-
plexities in emission inventories and simulations of complex phys-
iochemical processes. As a result, most of the previous studies
focus on small areas within a short period because the simulation
models are computationally heavy and expensive for large-scale
high-resolution applications. There still lacks large-scale assess-
ment on the contribution of straw burning to ambient pollutant
concentrations at urban population centers.

This study provides one of the first statistical evidence on how
agricultural straw burning affects urban air quality on a national
scale by exploiting both geographical and temporal variations in
straw burning and air pollution in China.2 We compile a novel
and comprehensive dataset on straw burning detected by high-
resolution satellites and collect air quality readings from 1,650
ground-level stations from 2013 to 2015. We then employ fixed-
effects (FE) panel regression models to estimate the effect of straw
burning on different air pollutants at the prefectural level.3 A signif-
icant advantage of the FE model is that it can explain a large propor-
tion of the variations in air quality by controlling for unobserved
spatial differences and time trends across localities that are difficult
to be accounted in numerical modelings, and we can draw credible
and robust references on a national scale conveniently (details will
be discussed in Section 2.4).
1 Alternative energy sources (such as coal and natural gas) were gradually
introduced in rural areas and replaced the use of straw as domestic fuel in many
agricultural households.

2 Several studies also use statistical models to analyze ther relationship between
straw burning and pollution, including those using principle component analysis,
positive matrix factorization, and those using time-series analysis (e.g., Wu et al.,
2006; Wang et al., 2007; Viana et al., 2008; Zha et al., 2013; Li et al., 2014; Chen et al.,
2015). However, like the numerical-modelling studies, they all focus on small
geographical areas and some rely on information of different emission sources for
estimation.

3 A prefecture-level city is the subdivision of provinces and it is larger than a
county in China. The average area of sampled cities is covered by a radius of 64 km.
The minimum radius is 24 km, and the maximum radius is 280 km.
2. Material and methods

2.1. Straw burning

Straw burning data were collected from the Ministry of Envi-
ronmental Protection (MEP) in China. The data are based on MODIS
(Moderate Resolution Imaging Spectroradiometer) from two satel-
lites named TERRA and AQUA. The two satellites overpass China
twice a day around 10:30 am and 13:30 pm, and twice at night
around 10:30 pm and 1:30 am. Flaming or smoldering fires are
detected according to thermal anomalies within a 1-km pixel
(Giglio et al., 2009; Kaufman et al., 1998; Justice et al., 2002).
MEP identifies straw burning based on land use information, and
the burnt area detected can be as small as 50 square meters.4

Satellite straw burning data offer a good measure of burning
intensity for several reasons. First, the satellite data have a good
performance in terms of accuracy, resolution and visiting fre-
quency for a spot, which ensures the representativeness of straw
burning points. Second, straw burnings are concentrated in gra-
nary regions and the farmland sizes are generally large enough
to be detected by satellite (Yi et al., 2017).5 Third, farmers are not
aware of the overpassing times of satellites so they will not try to
avoid the surveillance.6
2.2. Pollution and weather

The hourly average data on air quality were collected from
1,650 local air quality monitoring stations in China. Air quality is
measured by PM10, PM2.5, CO, SO2, NO2, and O3, which are moni-
tored nationwide (HJ 633–2012).7 Daily weather data were col-
lected from 403 local meteorological stations in China, which
include wind speed, wind direction, relative humidity, precipitation,
and temperature.8
2.3. Panel construction and summary statistics

Straw burning data during the burning seasons in China from
2013 to 2015 were collected. The satellite surveillance period
includes May 20th – July 20th and September 20th – November
20th in each year. Four provinces, namely Tibet, Xinjiang, Qinghai,
Gansu, were dropped due to scarcity in burnings and severe sand-
storms in many of these places. Each pollution monitoring station
was matched with the closest weather station and the data were
aggregated by prefecture-city and by month. We focus on monthly
data because daily data do not have large enough variation in burning
intensity (there are a large number of zeros in a specific day in a city),
while annual data cannot capture the seasonality of straw burning.

For air pollution, because there is evidence that the official data
are not reliable before 2013 (Ghanem and Zhang, 2014), we focus
on data after 2013, when the Chinese government automated the
air pollution reporting and upgraded the monitoring system to
improve data quality.9 To deal with missing values in the air quality
4 The raw fire data can be retrieved from https://earthdata.nasa.gov/earth-obser-
vation-data/near-real-time/firms.

5 Burnings that are too small to be detected will be overlooked by satellite, but
their impacts on air quality can be negligible. Fires that are larger than one satellite
pixel will be are recorded as multiple fire spots, which partially takes into account the
effect of the burnt area. Adding a control of burnt area in the statistical model does
not affect our estimates significantly.

6 A related concern is that straw bunings cannot be detected when it is very cloudy.
Nevertheless, as the variation in cloud coverage is likely to be random, this
measurement error will not systematically bias our results (as will be shown later).

7 The air quality data can be retrieved from http://106.37.208.233:20035/.
8 The meteorological data can be retrieved from ftp://ftp.ncdc.noaa.gov/pub/data/

noaa/isd-lite/.
9 http://106.37.208.233:20035/.

https://earthdata.nasa.gov/earth-observation-data/near-real-time/firms
https://earthdata.nasa.gov/earth-observation-data/near-real-time/firms
http://106.37.208.233%3a20035/
http://106.37.208.233%3a20035/


Table 1
Summary Statistics of Key Variables.

VARIABLES Observations Mean S.D. Max

Panel A. Straw Burning
North/Central/East 3365 (56%) 3.1 8.1 101
Northeast 2005 (33%) 6.6 21.1 158
Others 625 (11%) 0.4 1.6 25
Monthly Burnings 5995 2.1 8.9 158

Panel B. Pollution and Weather (monthly)
PM10 (mg/m3) 2513 91.9 44.4 355.4
Wind Speed (m/s) 2802 2.6 1.0 8.8
Temperature (C�) 2767 20.7 6.7 32.1
Relative Humidity (%) 2767 68.7 12.3 96.2
Precipitation (mm) 2820 4.9 7.8 139.2

Note: This table contains summary statistics of data in the panel. Panel A reports the location of burnings as well as monthly burnings. The north, central and east provinces
include Inner Mongolia, Hebei, Henan, Shandong, Anhui, Jiangsu and Hubei. Panel B summarizes PM10 and weather conditions. The burning season includes May 20th–
July.20th and Sept.20th–Nov.20th in 2013–2015.
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data, we exclude cities that have missing values for more than a year
from 2013 to 2015.

Summary statistics of the key variables are listed in Table 1.
There were 5,995 total straw burnings in 157 cities detected by
the satellite in the final city-by-month panel. 56% (3365) of burn-
ings were located in 60 cities in 7 granary provinces in the north,
central and east plains, while 33% (2005) of burnings were concen-
trated in 16 cities of 3 northeast provinces. The rest 11% (6 2 5) of
burnings were scattered among 60 cities in 17 provinces mainly in
the south. The top 10 provinces with the most straw burnings are
Shandong (21.7%), Heilongjiang (14.8%), Hebei (12.2%), Liaoning
(10.3%), Henan (8.9%), Jilin (8.3%), Jiangsu (5.8%), Inner Mongolia
(3.2%), Shanxi (2.7%), and Anhui (2.4%). They account for 90.4% of
all straw burnings during the focal period. The top 10 cities are
Qiqihar (7.2%), Shenyang (5.9%), Harbin (5.3%), Baicheng (4.0%),
Changchun (3.8%), Jining (3.3%), Handan (3.3%), Linyi (3.1%), Jinz-
hou (2.8%), Xinxiang (2.7%). There are 49 cities with a record of
over 10 straw burnings in a month. 21 cities have zero observation
of straw burning in the panel, among which 20 cities are in the
south. Straw is burnt intensively within a few clusters of cities,
and the distribution is positively skewed with a long tail. The num-
ber of monthly burnings in a city is around 2 per month, with a
maximum of 158. In terms of temporal variation, there are 2096
burning points in 2013, 1861 in 2014, 2038 in 2015. Straw burning
mostly occurs in October (37.6%) and June (31.6%), followed by
November (15.9%), May (6.5%), July (5.2%) and September (3.1%).
In general, straw burning is most severe in autumn in the northeast
provinces, and in summer in the north, central and east plains. This
is in line with the cropping and harvesting pattern in China.

Panel B of Table 1 summarizes PM10 and key weather variables.
The monthly PM10 in a city during burning seasons is around 92 mg/
m3, which is significantly higher than the air quality standards in
China (GB 3095–2012).

Fig. 1 shows the spatial distribution of straw burnings and PM10

during China’s burning seasons in 2013–2015. Straw burning
points in different cities are plotted in the upper panel, and the
average PM10 is shown in the lower panel. It is obvious that cities
with more severe straw burning have higher PM10 than cities with
fewer burnings.

Fig. 2 further depicts the correlation between straw burning and
PM10 at the city-month level. The scattered dots plot monthly PM10

and the number of monthly straw burnings for each observation,
and the solid line denotes the simple linear fitting of the two vari-
ables. Overall, PM10 would increase as the number of straw burn-
ings increases. Fig. 2 serves as suggestive evidence that PM10 and
straw burning are positively correlated, but more factors need to
be considered to capture the contribution of straw burning to
PM10 (as explored later).
2.4. Methods

2.4.1. Straw burning and air pollution
This study adopts a statistical approach to estimate the rela-

tionship between straw burning and air quality. Previous statistical
analyses on this issue often rely on principle component analysis
or time-series models and focus on a small area. As this study uses
panel data consisting of repeated observations in many cities,
fixed-effects (FE) models are used to estimate the straw burning-
pollution relationship. FE models can reduce omitted variable
biases by controlling for unobserved confounders through a rich
set of fixed-effects indicators in the regression (Allison, 2009).
Unobservables that do not change over time or space can be ruled
out through differencing between observations and their corre-
sponding mean values for a location or a period. Having partialled
out the time-invariant and location-invariant unobservables, the
FE estimates can capture the effects of the independent variable
on the outcome variable.

Specifically, the following FE model is employed to estimate
how changes in air quality are affected by changes in straw
burnings:

Yit ¼ ait þ bburningit þ Xitdþ pit þ ky þ eit ð1Þ

where Yit is the monthly average concentration of one of the six air
pollutants or its logarithm in city i in month t. burningit is the num-
ber of straw burnings detected in city i in month t. Xit controls for
meteorological variables, namely wind speed, wind direction, rela-
tive humidity, precipitation, and temperature. d includes the coeffi-
cient of each meteorological variable. pit stands for city-by-month
fixed effects, which controls for confounders that are specific to
each city month. Straw-burning culture, agricultural pattern, natu-
ral endowment, economic structure, income, technology and poli-
cies on straw burning that are specific to a locality can be
controlled by the fixed effects. ky represents year fixed effects,
which controls for shocks that are common to all cities in a partic-
ular year, such as national regulations, crop prices, grain produc-
tion, climate change, nationwide technology advance and changes
in energy structure. In the FE model, only factors co-varying with
straw burning within a city and month will be a concerned source
of bias. However, this is highly unlikely, as straw burning is sea-
sonal with frequent spots, which largely controlled led by individ-
ual farmers and have a random feature by nature. The pattern and
emission profile of straw burnings are also different from other
sources of urban pollution (such as industrial or vehicle emissions).
Therefore, other pollution sources can be isolated by the city-by-
month and year fixed effects. ait is the intersection term, while eit
is the error term clustered at the city-month level to account for



Fig. 1. Straw Burnings and PM10 in Cities During Burning Seasons in 2013–2015. Note: Straw burnings and average PM10 in cities during burning seasons (May 20th–July
20th, September 20th–November 20th) in 2013 to 2015 are plotted in the upper and lower panel, respectively.
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potential autocorrelations in straw burnings and air quality in the
same city and in the same month (Cameron and Miller, 2015).

b is the key parameter of interest, which measures the marginal
contribution of straw burning to air pollution in Chinese cities on
average. Conditional on county-by-month fixed effects, year fixed
effects and weather, straw burning can bring exogenous variations
in urban air quality within a city. In other words, the variation in
straw burning within a locality is likely random over time. This



Fig. 2. Correlation of Straw Burnings and PM10 at City-Month Level in 2013–2015. Note: Scattered dots represent monthly straw burnings (X Axis) and PM10 (Y Axis) in each
city in 2013–2015. Linear fit of the data is shown in a solid line.
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is also supported by the fact that farmers usually do not consider
the emissions when burning straws. The exogeneity of straw burn-
ing can further be validated by including different controls one by
one into the regression. If b estimates are stable with different con-
trols, the possibility of leaving out important confounders will be
low, thus omitted variable bias, if any, would be small and
negligible.

The FE approach will benefit current research in multiple ways.
First and most importantly, the location and time fixed effects iso-
late many unobserved factors that could confound the relation
between straw burning and air pollution. Second, the panel analy-
sis simplifies the estimation of pollution impacts of straw burning
with larger flexibility and broader application. The FE model has a
strong statistical power, allowing credible estimation of the aver-
age effect of straw burning based on nationwide observations.
Meanwhile, it is more convenient to apply and much less compu-
tationally expensive than scientific models. The method can sup-
plement previous scientific research with new evidence to
facilitate interdisciplinary discussions on straw burning. Lastly,
the statistical analyses can provide important policy implications
on straw burning in China. Despite official ban, agricultural fires
have been frequently spotted over the past two decades. Credible
and generalized estimates of straw burning’s overall impact is cru-
cial for policy design. The method and findings of this paper can
also provide reference for other countries with similar burning
issues.
2.4.2. Nonlinear effects of straw burning
To explore the potential nonlinear relationship between straw

burning and air pollution, we can divide the sample into different
bins according to the number of burning points and estimate the
impacts of burnings within each bin using the following equation:

Yit ¼ ait þ
X

j

bitjburningitj þ Xitdþ pit þ ky þ eit ð2Þ
where burningitj is a dummy variable indicating whether the
monthly straw burning in city i and month t is in the jth bin. We
group the number of straw burnings in to fire bins: (0,10),
[10,20), [20,30), [30,50), [50,) so that each bin includes similar num-
ber of observations. Zero burning bin serves as the reference group
and each bitj measures the effect of monthly straw burnings in bin j
on urban PM10, relative to the effect of zero burnings. The other
variables are defined the same as Eq. (1). Compared with Eq. (1)
which assumes constant linear effects of straw burning on air pol-
lution, Eq. (2) offers a more flexible setting allowing for varying
impacts of straw burning at different levels.

2.4.3. Effects of upwind burning
Emission dispersion depends on wind directions. Straw burn-

ings occurred in upwind regions can have larger impacts on air
quality downwind. To examine this heterogeneous effect, we
define upwind burnings as those located within a certain range
(angle) from the dominant wind direction in a city on a day. The
direction of a straw burning point to a city is based on coordinates
of the burning point and city center located downtown. Burnings
located within smaller ranges from the dominant wind direction
shall have a larger impact on urban air quality, as pollutants are
more likely to be blown to the city center. We check the effects
of upwind burnings within different angles, namely 30, 60 and
90�, based on the prevailing wind direction. The downwind burn-
ings are located in the opposite direction. Daily upwind and non-
upwind burnings in a city were then aggregated to the monthly
level. The following model is estimated:

PMit ¼ ait þ bu
itupwindit þ bn

itnonupwindit þ Xitdþ pit þ ky þ eit ð3Þ
where upwindit denotes the number of straw burnings located in
the upwind direction of city i in month t, and nonupwindit repre-
sents straw burnings located in other directions. bu

it and bn
it estimate

the effects of upwind and non-upwind burnings on urban PM10 in
cities. The rest settings are the same as Eq. (1).



Table 2
Impacts of Fixed Effects and Weather on Estimating Straw Burning and PM10 in Cities.

(1) (2) (3) (4) (5) (6) (7) (8) (9)

VARIABLES PM10 PM10 PM10 PM10 PM10 PM10 PM10 PM10 PM10

(per 10 points)
Burning 11.4*** 7.48*** 5.66*** 5.46*** 5.55*** 5.75*** 5.64*** 5.61*** 5.19***

(2.63) (1.01) (0.94) (1.41) (1.34) (1.31) (1.31) (1.31) (1.29)
Wind Speed �5.63*** �5.57*** �5.78*** �6.88***

(2.08) (2.10) (2.10) (2.10)
Precipitation �0.38*** �0.35*** �0.12

(0.11) (0.11) (0.10)
Temperature 1.05 0.32

(0.84) (0.81)
Relative Humidity �0.64***

(0.11)
Observations 2,460 2,460 2,460 2,460 2,460 2,460 2,460 2,460 2,460
R-squared: within – 0.043 0.326 0.536 0.611 0.616 0.619 0.620 0.632
R-squared: overall 0.052 0.593 0.714 0.803 0.834 0.837 0.838 0.838 0.844
RMSE 43.25 29.27 24.59 24.99 22.90 22.79 22.71 22.69 22.32
Number of cities 154 154 154 154 154 154 154 154 154
City FE Y Y
Month FE Y
City-by-Month FE Y Y Y Y Y Y
Year FE Y Y Y Y Y
Wind Direction Y Y Y Y

Note: Each column represents a separate regression. Different fixed effects (city, month, city-by-month, year) and weather conditions (wind speed, wind direction, pre-
cipitation, temperature, relative humidity) are explored. Standard errors in parentheses are clustered at city-month level. *** p < 0.01
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3. Results

This section presents the estimates of straw burning’s effect on
urban air quality. First, we examine the impacts of adding different
controls in the FE model, followed by a detailed investigation on
straw burning’s effects on various pollutants. Then, we explore
the nonlinearity in the association between straw burning and
urban PM10. Next, we differentiate the effects of upwind burnings
from the effects of non-upwind burnings in cities. Lastly, we
explore the impact heterogeneity and check the robustness of the
findings.

3.1. Impacts of controlling fixed effects and weather

Fixed effects and weather factors can be added one by one in
the regression to check their impacts on the estimation of straw
burning’s effect on pollution. We select PM10 as an example and
report the results in Table 2. If one simply regresses PM10 concen-
tration on straw burning without any controls, the estimate will be
largely biased with very low goodness-of-fit (R-squared), as shown
by Column (1). The estimate corresponds to the slope of the fitted
line in Fig. 2. The linear regression fits the data poorly and overes-
timates the effects due to omitted variable bias.

Column (2) shows that adding city fixed effects significantly
lowers the estimate while improving the goodness-of-fit substan-
tially from 0.05 to 0.59. The root mean square errors (RMSE) are
improved as well. This suggests that air pollution and straw burn-
ing are city-specific to a large extent. Some cities have higher pol-
lution levels from other fixed sources or have more straw burnings
due to larger areas of farmland, and these cross-city differences
need to be controlled by the city fixed effects. Adding month fixed
effects further reduces the magnitude of estimates while improv-
ing the model fitting, as shown by Column (3). If we include
county-by-month fixed effects instead, the estimates further
shrink slightly, as reported in Column (4). The estimates are rather
stable by adding year fixed effects, and the FE model can explain
more than 80% of PM10 variations. One may worry that the large
improvement in the overall R-squared is mainly driven by the
unobserved fixed effects. We also report within-group R-squared,
which measures the contribution of straw burning in a city in a
month to PM10 in the same city and month. The within-group vari-
ation of straw burning explains over 60% of the variations in PM10,
which contributes most to the overall R-squared in the FE model.

Columns (6)–(9) of Table 2 further report the effects of adding
different weather controls. First, stronger wind andmore precipita-
tion will decrease PM10. However, the effect of precipitation disap-
pears once relative humidity is controlled. Temperature does not
significantly affect urban PM10 at the city-month level. Second,
the effect of straw burning is consistent over different settings,
suggesting that omitted variable bias is trivial. On average, 10 addi-
tional burning points will increase monthly PM10 in cities by
around 5.19 mg/m3 and is statistically significant at 1% level. Third,
in our preferred specification, when all the fixed effects and
weather conditions are controls, the model can explain over 84%
of the variations in urban PM10, as reported in Column (9). The
results indicate that, conditional on weather conditions and fixed
effects, straw burning can be treated as exogenous and is responsi-
ble for most of the variation in urban PM10 during burning seasons.
The findings are consistent with projections from scientific models
(Zhang et al., 2016).

3.2. Effects of straw burning on air quality

Table 3 reports the contribution of straw burning on all the six
pollutants estimated by Eq. (1). The first row lists the monthly
mean of each pollutant as reference. The following two panels list
the concentration changes and percentage changes in pollution in
response to changes in monthly straw burnings in cities, respec-
tively. The 95% Confidence Interval (CI) of each estimate is
reported.

Conditional on weather conditions and fixed effects, an increase
of 10 straw burning points would elevate monthly PM10 concentra-
tions in cities by 5.19 ± 2.54 mg/m3 or 3.67 ± 1.76%. The impact is
significant and considerably large. Monthly PM2.5 in cities would
also increase by 3.16 ± 1.74 mg/m3 or 3.93 ± 1.90%, which is consis-
tent with the PM10 estimates. In contrast, there is no significant
impact of straw burning on CO, SO2, NO2 or O3, as shown by Col-
umns (3)–(6) in Table 3. The results support previous scientific
findings on straw burning emissions, as will be discussed in
Section 4 in detail.



Table 3
Effects of Straw Burning on Pollutants at City-Month Level.

(1) (2) (3) (4) (5) (6)

VARIABLES PM10 PM2.5 CO SO2 NO2 O3

(per 10 points) (mg/m3) (mg/m3) (ppm) (ppb) (ppb) (ppb)
Monthly Mean 91.9 53.0 0.92 9.92 17.8 32.6
Concentration 5.19*** 3.16*** �0.004 �0.08 0.01 �0.40

(1.29) (0.88) (0.02) (0.13) (0.16) (0.27)
95% CI [2.65,7.72] [1.42,4.89] [-0.03,0.03] [-0.33, 0.17] [-0.18,0.46] [-0.94,0.13]
Percentage (%) 3.67*** 3.93*** �0.04 0.28 0.64 �0.91

(0.90) (0.97) (1.36) (0.96) (0.71) (0.89)
95% CI [1.91,5.44] [2.03,5.83] [-2.71,2.62] [-1.60,2.17] [-0.75,2.04] [-2.65,0.83]
Observations 2,460 2,373 2,369 2,476 2,476 2,369
R-squared 0.872 0.878 0.824 0.878 0.878 0.867
Number of cities 154 154 154 154 154 154
City-by-Month FE Y Y Y Y Y Y
Year FE Y Y Y Y Y Y
Weather Y Y Y Y Y Y

Note: Each column represents a separate regression. City-by-month fixed effects and year fixed effects are controlled. Weather includes wind speed, wind direction,
precipitation, temperature, relative humidity. Standard errors in parentheses are clustered at city-month level. The 95% Confidence Interval (CI) of each estimate is reported.
*** p < 0.01
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Notablly, the goodness of fit of the FE models for the percentage
change in pollution are generally higher than 0.8. The FE models
can explain most of the variations in pollution, and the estimates
of straw burning’s impacts on air pollution are plausibly causal.

In the following sections, we will focus primarily on the impact
of straw burning on PM10 concentrations instead of PM2.5 concen-
trations, since not all the cities monitor PM2.5 at the beginning of
our sample period, and PM2.5 is part of PM10 and coarse particulate
matters between 2.5 mm and 10 mm can also harm human health.
However, all the findings remain the same if we use the available
PM2.5 data as the outcome variable (as reported in the robustness
checks and appendix).
3.3. Nonlinearity in straw Burning’s effects

We explore the nonlinear effects of straw burning on pollution
by estimating Equation (2) and report the results in Table 4. Col-
umns (1)–(2) summarize the effects of straw burning on PM10 con-
centrations for all 5 bins. Columns (3)–(4) list the corresponding
percentage changes in PM10.
Table 4
Nonlinear Effects of Straw Burning on PM10 at City-Month Level.

Change in PM10

(mg/m3)
Percentage change in
PM10 (%)

Variables (1) (2) (3) (4)

bins of burnings
(0,10) 0.54 �1.30 1.16 �0.47

(1.87) (1.63) (1.56) (1.30)
[10,20) 10.24 6.25 11.8* 8.67

(8.62) (7.98) (6.44) (6.07)
[20,30) 20.5*** 15.1** 19.1*** 14.8***

(7.88) (7.25) (5.08) (4.85)
[30,50) 25.0*** 24.1*** 20.9*** 19.4***

(7.46) (7.51) (5.90) (6.37)
[50,) 36.7** 32.7** 25.8** 21.7**

(16.37) (13.91) (12.40) (11.10)
Observations 2,513 2,459 2,513 2,459
R-squared 0.607 0.631 0.649 0.681
Number of cities 157 154 157 154
City-by-Month FE Y Y Y Y
Year FE Y Y Y Y
Weather Y Y

Note: Each column represents a separate regression. Each row contains the effects of
straw burning on PM10 within a certain range of numbers. Zero burning is used as
reference. Weather includes wind speed, wind direction, precipitation, tempera-
ture, relative humidity. Standard errors in parentheses are clustered at city-month
level. *** p < 0.01, ** p < 0.05, * p < 0.1
The effect of the first bin of straw burning is close to zero and
statistically insignificant. The effect of the second bin grows larger
but remains insignificant. This indicates that if there are only a few
burning points (<20 points per month), the air pollution effect
would not be very large. When the number of burning points
increase to 20 or above, air pollution becomes significantly worse.
Cities with monthly burnings over 20 points would significantly
lower the monthly PM10 by 15.1–32.7 mg/m3 (14.8%–21.7%) if all
the burnings disappear. This threshold effect is purely empirical,
suggesting that smaller and fewer fires may not elevate ambient
concentrations significantly. Lastly, weather conditions hardly
alter the estimates on straw burning’s effects. By controlling for
weather in Columns (2) and (4) of Table 4, the size of impact
becomes slightly smaller but remain statistically significant.

We also plot the estimated coefficients in Fig. 3. The connected
dots represent the estimates, and the dashed lines denote the 95%
CI. Fig. 3 shows a close-to-linear line with no sign of concavity nor
convexity. However, the 95% CI shows that only the estimates for
groups with straw burning points more than 20 are statistically
significant. This nonlinear threshold effect reveals that a small
number of fire incidents in rural farmland is unlikely to deteriorate
ambient air quality in urban areas significantly. They could still
impact the air quality in areas nearby, but the smoke may not
spread far enough to have a significant and substantial impact on
air quality in urban areas where the majority of the population
resides.
3.4. Effects of upwind burning

Table 5 compares upwind burnings with non-upwind burnings.
Columns (1)–(3) list the changes in PM10 concentration in response
to straw burnings within 30, 60 and 90�from the upwind direction,
respectively. Columns (4)–(6) list the corresponding percentage
changes in PM10.

A larger effect of upwind fires is observed compared with burn-
ings in other directions. An increase of 10 straw burning points
within 60 degrees of upwind direction is associated with a
13.2 mg/m3 increase in monthly PM10. The effect will shrink if the
angle gets larger or smaller. A larger range would include more
burnings, and the pollution effect becomes less direct for burnings
away from the upwind direction. A smaller range would cover
fewer burnings, thus leading to smaller estimates. In comparison,
the effects of non-upwind burnings are 2–4 times smaller than
the effects of upwind fires, but the effects remain statistically sig-



Fig. 3. Nonlinear Effects of Straw Burning on PM10 at City-Month Level. Note:
Effects of straw burnings in each bin on PM10 at city-month level are plotted with
95% CI. The connected dots represent the estimates, and dashed lines denote the
95% CI. Weather conditions (wind speed, wind direction, precipitation, temperature,
relative humidity), city-by-month FE and year FE are controlled.

Table 6
Heterogeneous Effects of Straw Burning by Season and Location.

Change in PM10

(mg/m3)
Percentage change in
PM10 (%)

Variables (1) (2) (3) (4)

(per 10 points)
burning 5.56*** 9.60** 3.61*** 10.9***

(0.86) (4.64) (0.93) (3.72)
summer*burning �1.46 0.26

(1.59) (1.59)
north*burning �4.49 �7.38**

(4.07) (3.00)
Observations 2,460 2,460 2,460 2,460
R-squared 0.844 0.844 0.872 0.872
Number of cities 154 154 154 154

Note: Each column represents a separate regression. City-by-month fixed effects
and year fixed effects are controlled. Weather includes wind speed, wind direction,
precipitation, temperature, relative humidity. Standard errors in parentheses are
clustered at city-month level. *** p < 0.01, ** p < 0.05, * p < 0.1
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nificant. As a result, policymakers shall pay more attention to
upwind straw burnings than non-upwind burnings.

3.5. Heterogeneity by season and region

In this section, we explore the spatial and seasonal hetero-
geneities of the straw burning effect. First, we compare summer
straw burnings with fall straw burnings. We define May, June,
and July as the summer season, and interact the summer dummy
with the straw burning variable. The findings are summarized in
Column (1) and Column (3) of Table 6. We do not find significant
seasonal heterogeneity, i.e. the effects of straw burning on PM10

seem to be the same over different seasons.
Second, we investigate whether the effect differs between

northern and southern Chinese cities. We group the cities based
on a natural line dividing the north and south: Qinling Mountain
and Huai River. We generate a dummy variable for cities in the
north, and interact it with burnings. The results are presented in
Column (2) and Column (4) of Table 6, which show that straw
burning has a smaller effect on urban air quality in northern China
Table 5
Effect of Upwind Straw Burning on PM10 at City-Month Level.

Change in PM10 (mg/m3)
Variables (1) (2)

Angle 30� 60�
Upwind 7.50** 13.15***
(per 10 burnings) (2.59) (4.91)
Non-Upwind 4.90*** 3.77***
(per 10 burnings) (0.66) (0.81)
Observations 2,459 2,459
R-squared 0.632 0.633
Number of cities 154 154
City-by-Month FE Y Y
Weather Y Y
Year FE Y Y

Note: Each column represents a separate regression. Upwind burnings are defined as
direction. Weather includes wind speed, wind direction, precipitation, temperature, rela
p < 0.01, ** p < 0.05
than that in southern China. This result highlights the effective
management and control of straw burnings are especially impor-
tant in southern China.

3.6. Effects of straw burning on daily and annual PM10

The impacts of straw burning on urban air quality may vary by
timescale. It is of research and policy interest to know whether the
impact of straw burning would be significant for daily and annual
PM10. This section estimates the daily and annual impacts of straw
burning (during burning seasons) on urban PM10 following a sim-
ilar specification with Equation (1) by replacing the month fixed
effects with day or year fixed effects. Table 7 summarizes the
effects of straw burning on urban PM10 on daily and annual level,
respectively. Columns (1)–(2) contain the daily effects of straw
burning on PM10. An increase of straw burnings by 10 points in a
day would elevate the PM10 concentration by 31.2 mg/m3 and
25.1%. The pollution effect is substantially significant and may
induce high health costs. The daily straw burnings in a city can
be as high as 67 points. This implies that intensive straw burnings
within a short period can have acute impacts on local and regional
air quality. A further dynamic analysis reveals that the effects of
straw burning on urban air quality can last for around 7 to 8 days,
as shown in Appendix Table A.1. The previous one day would have
the largest effect as it takes time for straw burning emissions to
travel from rural farmland to urban sites.

Columns (3)–(4) of Table 7 report the annual changes in urban
PM10 caused by straw burning. The annual PM10 (including burning
Percentage change in PM10(%)
(3) (4) (5) (6)

90� 30� 60� 90�
8.60** 7.65*** 10.0*** 6.62**
(3.51) (2.13) (3.47) (2.85)
4.07*** 3.45*** 2.54*** 2.71***
(1.01) (0.69) (0.75) (0.79)
2,459 2,459 2,459 2,459
0.632 0.681 0.681 0.681
154 154 154 154
Y Y Y Y
Y Y Y Y
Y Y Y Y

straw burning points located within 30, 60, or 90�from the daily dominant wind
tive humidity. Standard errors in parentheses are clustered at city-month level. ***



Table 7
Effects of Straw Burning on Daily and Annual PM10 in Cities.

Day Year

(1) (2) (3) (4)

VARIABLES PM10(mg/m3) PM10(%) PM10(mg/m3) PM10(%)
Straw Burning 31.2*** 25.1*** 2.24*** 1.67***
(per 10 burnings) (7.73) (5.25) (0.49) (0.46)

[7.87] [6.70] [0.74] [0.50]
Observations 49,202 49,202 446 446
R-squared 0.299 0.365 0.310 0.354
Number of cities 154 154 154 154
City FE Y Y Y Y
Weather Y Y Y Y
Day FE Y Y
Year FE Y Y

Note: Each column represents a separate regression. Only straw burning seasons are
included. Weather includes wind speed, wind direction, precipitation, temperature,
relative humidity. Standard errors in parentheses are clustered at city-day level and
city-year level, respectively. Standard errors in square brackets are clustered at
province-day level and province-year level, respectively. *** p < 0.01.
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seasons only) in cities would increase by 2.24 mg/m3 (or 1.67%) if
10 more straw burning points are detected. The average straw
burnings in a city over a year is around 13 points, and the maxi-
mum reaches 248 points.

In conclusion, straw burning’s effect on urban PM10 can be both
acute in short term (within a day or month) and chronic in the long
term (during burning seasons in a year). Due to seasonality, the
pollution contribution of straw burning is substantial in the short
run at daily or monthly level during burning seasons, but is small
on a yearly basis. The results support the previous estimates from
scientific models. For instance, Zhang et al. (2016) found that the
annual PM10 emissions from straw burning contribute to 7.8% of
total anthropogenic emissions, and monthly contributions can
reach 26% in China (and even much higher in granary regions).
3.7. Robustness checks

We conduct a rich set of robustness checks in this section,
which lend additional credibility of the main results.

First, we examine the details of the effects of straw burning on
PM2.5 in addition to PM10. The results are listed in Table A.2. We
find that the estimates are consistent with those for PM10, suggest-
ing that straw burning primarily affects PM on average.

Second, we check the sensitive of our results using alternative
matching methods between straw burning and air quality. In our
main analyses, we match straw burnings and air quality by city
boundaries. An alternative is to match the data based on the dis-
tance from a city center. In Table A.3, we examine how air quality
is affected by the number of straw burnings within the radii of
25 km, 50 km, 75 km, 100 km, and 200 km. First, the estimated
coefficient of straw burning will shrink as we use wider radius.
This is reasonable because wider radius will include more straw
burnings that are far away, making the marginal effect of straw
burning decrease. Therefore, close and local fires contribute more
to urban air pollution. Second, the impact of straw burning within
50 km is similar in size with the estimates adopting municipal divi-
sions, as 50 km is close to the average radius of a Chinese city.

Third, the cloud can introduce measurement error in straw
burning. Therefore, we include cloud coverage in regression to
check if the main results hold. The results are shown in Appendix
Table A.4. The effects of straw burning on PM10 grow slighter larger
and remain significant when we control for cloud coverage. This
implies that variations in cloud coverage can be stochastic, which
will not significantly bias our estimation.
Fourth, as aforementioned in Section 2.3, we dropped four pro-
vinces that have very few straw burnings in our main analysis. In
this section, we include all 338 Chinese cities in the FE model. As
shown by Appendix Table A.5, the magnitudes of impacts do not
change much, and the effects of straw burning on air quality
remain statistically significant.

Finally, the distribution of straw burning has a fat tail (as shown
in Fig. 3). To address the concern that previous main findings of
straw burning’s effect on air pollution may be driven by the extre-
mely large values of straw burning points, we drop observations
with monthly straw burning more than 50 points and report the
estimates in Appendix Table A.6. The estimated coefficients remain
quantitatively similar when these outliers are dropped.
4. Discussions

Our main findings are largely consistent with the previous sci-
entific literature on straw burning emissions. However, it is diffi-
cult to compare our statistical estimates with numerical
modeling outputs directly. First, emissions can be different from
pollution concentrations. Second, most of the studies are in a par-
ticular small area for a short time, whereas our estimates hold sta-
tistically on average over the whole China and are immune to
localized random fluctuations. Therefore, our estimates are supple-
mentary to previous studies with a novel perspective from regres-
sional analysis. Notably, the baseline results are remarkably robust
to alternative specifications, suggesting that they are not driven by
specific ways to construct the data. Specifically, we obtain quanti-
tatively similar results when using daily or yearly data, adopting
alternative matching methods, dropping outliers, and applying dif-
ferent sampling criteria.

In general, we show that straw burning has significant impacts
on PM, but not on SO2, NO2, CO or O3, which is in line with the fact
that straw burning primarily emits PM, characterized by levoglu-
cosan, potassium (K), chlorine (Cl), a high ratio of organic carbon
over elemental carbon (OC/EC), and a lower ratio of SO2, NOx
and CO (Streets and Waldhoff, 2000; Li et al., 2007; Calvo et al.,
2011; Zhang et al., 2013; Zhang et al., 2016; Zhang et al., 2017a,
b). Secondary O3 is very complex depending on nonlinear interac-
tions with temperature, solar radiation and other pollutants, and
the biomass burning effects on O3 can be weak (Jaffe et al.,
2013). Note that some studies that use localized experiments
indeed find that burning straws can generate various pollutants.
The minor inconsistency is mainly because this paper tries to cap-
ture how rural straw burning affects urban air pollution by travel-
ing relatively long distances from farmland to urban areas, while
the local experiments try to test what can be emitted at the site
of burning. The null impact on SO2, NO2, CO and O3 in this study
indicates these pollutants are local to the burning points and have
dispersed before they reach the urban areas.

In addition, we document that the burning-pollution relation-
ship is not linear. There are various reasons for the burning-
pollution relationship being nonlinear. For example, the impact
of emissions on air quality may enhance as the level of emissions
increase, since emissions can elevate ambient pollution by chang-
ing conditions such as planetary boundary layer (Petäjä et al.,
2016). In addition, pollutants emitted from straw burning in rural
areas can be dispersed while traveling to urban areas, and the
effect of straw burning on air quality may attenuate over distance.
We find that when the number of straw burning is below 20 in a
month, air quality in urban areas will not be significantly affected.
However, as there are more and more straw burnings, air quality
will deteriorate. These results suggest that the socially optimal
level of straw burning should be above zero (Hanley and Lingard,
1987) and policies aiming at zero straw burning may be too strin-
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gent and will incur too high administrative costs. Nevertheless, this
policy implication shall be noted with caution, as straw burning’s
effect on rural air quality remains unclear due to no observation.

We also find that the pollution effect of straw burning is hetero-
geneous across regions and the effect is larger for southern cities.
In China, northern cities are generally more polluted than southern
cities because they burn massive amounts of coals for the heating
system and rely more on large heavy industries in production. The
baseline PM10 concentration is 113.3 mg/m3 in northern China,
which is 42.5 mg/m3 higher than that the south (70.8 mg/m3).
Northern Chinese also differ from southern Chinese in terms of
the food they eat and the crops they grow: more wheat and corn
are grown in the north, while more rice is grown in the south. This
regional heterogeneity indicates crop type also matters for the
straw burning effect.

These findings can have important policy implications on straw
burnings management and control. China has been relying on
command-and-control regulations banning straw burning since
the late 1990 s, including sanctions and fines on local farmers
and cadres. However, the number of straw burning has been
increasing over the years despite these regulations. A great contro-
versy in policy discussion is that there lacks credible evidence
showing agricultural straw burning has led to worse air quality,
particularly at a larger scale. The government is thus reluctant to
enforce tighter regulations on farmers. Compared with previous
studies that typically focus on small geographical areas, this study
uses data from entire China; our findings are thus more general
and can be used for national regulations.

In recent years, more incentive-based instruments were intro-
duced to encourage the collection and recycling of straws from
the farmland. These incentives include subsiding farmers and
enterprises to collect straws instead of burning them and are
reported to be effective in reducing straw burning and increasing
the straw recycling rate.10 Due to data limitation, we cannot further
examine whether these incentive-based instruments can indeed
help reduce straw burning. That being said, this study shows that
the straw-burning effect can be nonlinear, depends on local wind
directions, and varies among different regions. These results can help
local governments to design more flexible incentives to control
straw burning. For example, regions with large number straw burn-
ings should be prioritized because the effect is nonlinear; and
upwind regions relative to city centers should be more stringently
regulated as they contribute more to local air quality than down-
wind straw burnings.
5. Conclusions

Agricultural straw burning can impose negative externalities on
the environment by emitting hazardous particulates and gases.
This study employs a statistical approach to investigate the effects
of agricultural straw burning on urban air quality in China. We use
straw burning points detected by satellites as a proxy for the inten-
sity of burning activities in a city, and explore the variations of air
pollutants in cities that can be attributed to rural burning using
fixed-effects regression models. The results show that straw burn-
ing in rural farmland significantly deteriorates particulate matter
in cities in both short and long run (from day to month to year),
while the effects on SO2, NO2, CO, and O3 may be only a local issue
in rural areas. The impact becomes significant as the number of
straw burnings increases, indicating a nonlinear threshold effect
of straw burnings on air quality.

Since the Chinese government declared ‘‘the war against pollu-
tion” in 2014, a series of radical regulations have been adopted to
10 http://www.gov.cn/xinwen/2017–07/05/content_5208176.htm.
improve air quality in major cities. Most of the new regulations
have been focused on coal consumption and industrial emissions.
This paper, by showing that straw burning is an important source
of seasonal air pollution in urban areas, calls the government to
tighten the regulation on agricultural emissions. Related to this
topic, little is known about the health and social costs of straw
burning, and future research on these issues is warranted in China
and other regions with similar challenges.
Acknowledgments

The project was funded by the HKUST Institute for Emerging
Market Studies with support from EY, and was supported by the
Hong Kong Ph.D. Fellowship Scheme (PF13-10374) from Research
Grants Council of University Grants Committee (RGC-UGC) in Hong
Kong.
Appendix A. Supplementary analyses and data

Supplementary analyses and data to this article can be found
online at https://doi.org/10.1016/j.scitotenv.2019.134633.
References

Allison, P.D., 2009. Fixed Effects Regression Models, 160. SAGE publications.
Andreae, M.O., Merlet, P., 2001. Emission of trace gases and aerosols from biomass

burning. Glob. Biogeochem. Cycl. 15 (4), 955–966.
Calvo, A.I., Castro, A., Pont, V., Cuetos, M.J., Sánchez, M.E., Fraile, R., 2011. Aerosol

size distribution and gaseous products from the oven-controlled combustion of
straw materials. Aerosol. Air Qual. Res. 11 (5), 616–629.

Cameron, A.C., Miller, D.L., 2015. A practitioner’s guide to cluster-robust inference. J.
Human Resour. 50 (2), 317–372.

Chen, G., Guan, Y., Tong, L., Yan, B., Hou, L.A., 2015. Spatial estimation of PM2.5
emissions from straw open burning in Tianjin from 2001 to 2012. Atmosph.
Environ. 122, 705–712.

Chen, J., Li, C., Ristovski, Z., Milic, A., Gu, Y., Islam, M.S., Wang, S., Hao, J., Zhang, H.,
He, C., Guo, H., 2017. A review of biomass burning: emissions and impacts on air
quality, health and climate in China. Sci. Total Environ. 579, 1000–1034.

Chen, Y., Xie, S.D., 2014. Characteristics and formation mechanism of a heavy air
pollution episode caused by biomass burning in Chengdu, Southwest China. Sci.
Total Environ. 473, 507–517.

Dhammapala, R., Claiborn, C., Corkill, J., Gullett, B., 2006. Particulate emissions from
wheat and Kentucky bluegrass stubble burning in eastern Washington and
northern Idaho. Atmosph. Environ. 40 (6), 1007–1015.

Estrellan, C.R., Iino, F., 2010. Toxic emissions from open burning. Chemosphere 80
(3), 193–207.

Gadde, B., Bonnet, S., Menke, C., Garivait, S., 2009. Air pollutant emissions from rice
straw open field burning in India, Thailand and the Philippines. Environ. Pollut.
157 (5), 1554–1558.

Ghanem, D., Zhang, J., 2014. ‘Effortless Perfection:’ Do Chinese cities manipulate air
pollution data?. J. Environ. Econ. Manage. 68 (2), 203–225.

Giglio, L., Loboda, T., Roy, D.P., Quayle, B., Justice, C.O., 2009. An active-fire based
burned area mapping algorithm for the MODIS sensor. Rem. Sens. Environ. 113
(2), 408–420.

Hanley, N., Lingard, J., 1987. Controlling straw burning: farm management
modelling of the policy options using linear programming. J. Agricult. Econ.
38 (1), 15–26.

Huang, K., Fu, J.S., Hsu, N.C., Gao, Y., Dong, X., Tsay, S.C., Lam, Y.F., 2013. Impact
assessment of biomass burning on air quality in Southeast and East Asia during
BASE-ASIA. Atmosph. Environ. 78, 291–302.

Jacobs, J., Kreutzer, R., Smith, D., 1997. Rice burning and asthma hospitalizations,
Butte County, California, 1983–1992. Environ. Health Perspect. 105 (9), 980.

Jaffe, D.A., Wigder, N., Downey, N., Pfister, G., Boynard, A., Reid, S.B., 2013. Impact of
wildfires on ozone exceptional events in the western US. Environ. Sci. Technol.
47 (19), 11065–11072.

Jimenez, J., Wu, C.F., Claiborn, C., Gould, T., Simpson, C.D., Larson, T., Liu, L.J.S., 2006.
Agricultural burning smoke in eastern Washington—part I: Atmospheric
characterization. Atmosph. Environ. 40 (4), 639–650.

Justice, C.O., Giglio, L., Korontzi, S., Owens, J., Morisette, J.T., Roy, D., Descloitres, J.,
Alleaume, S., Petitcolin, F., Kaufman, Y., 2002. The MODIS fire products. Rem.
Sens. Environ. 83 (1), 244–262.

Kaufman, Y.J., Justice, C.O., Flynn, L.P., Kendall, J.D., Prins, E.M., Giglio, L., Ward, D.E.,
Menzel, W.P., Setzer, A.W., 1998. Potential global fire monitoring from EOS-
MODIS. J. Geophys. Res. Atmosph. 103 (D24), 32215–32238.

Keshtkar, H., Ashbaugh, L.L., 2007. Size distribution of polycyclic aromatic
hydrocarbon particulate emission factors from agricultural burning. Atmosph.
Environ. 41 (13), 2729–2739.

https://doi.org/10.1016/j.scitotenv.2019.134633
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0005
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0010
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0010
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0015
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0015
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0015
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0020
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0020
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0025
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0025
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0025
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0030
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0030
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0030
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0035
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0035
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0035
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0040
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0040
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0040
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0045
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0045
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0050
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0050
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0050
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0055
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0055
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0060
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0060
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0060
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0065
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0065
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0065
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0070
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0070
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0070
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0075
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0075
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0080
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0080
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0080
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0085
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0085
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0085
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0090
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0090
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0090
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0095
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0095
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0095
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0100
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0100
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0100
http://www.gov.cn/xinwen/2017%e2%80%9307/05/content_5208176.htm


T. Liu et al. / Science of the Total Environment 711 (2020) 134633 11
Lee, S., Baumann, K., Schauer, J.J., Sheesley, R.J., Naeher, L.P., Meinardi, S., Blake, D.R.,
Edgerton, E.S., Russell, A.G., Clements, M., 2005. Gaseous and particulate
emissions from prescribed burning in Georgia. Environ. Sci. Technol. 39 (23),
9049–9056.

Lemieux, P.M., Lutes, C.C., Santoianni, D.A., 2004. Emissions of organic air toxics
from open burning: a comprehensive review. Prog. Energy Combust. Sci. 30 (1),
1–32.

Li, J., Song, Y., Mao, Y., Mao, Z., Wu, Y., Li, M., Huang, X., He, Q., Hu, M., 2014.
Chemical characteristics and source apportionment of PM2.5 during the harvest
season in eastern China’s agricultural regions. Atmos. Environ. 92, 442–448.

Li, X., Wang, S., Duan, L., Hao, J., Li, C., Chen, Y., Yang, L., 2007. Particulate and trace
gas emissions from open burning of wheat straw and corn stover in China.
Environ. Sci. Technol. 41 (17), 6052–6058.

Lin, P., Engling, G., Yu, J.Z., 2010. Humic-like substances in fresh emissions of rice
straw burning and in ambient aerosols in the Pearl River Delta Region, China.
Atmosph. Chem. Phys. 10 (14), 6487–6500.

Long, X., Tie, X., Cao, J., Huang, R., Feng, T., Li, N., Zhao, S., Tian, J., Li, G., Zhang, Q.,
2016. Impact of crop field burning and mountains on heavy haze in the North
China Plain: a case study. Atmos. Chem. Phys. 16 (15), 9675–9691.

Marlier, M.E., DeFries, R.S., Kim, P.S., Koplitz, S.N., Jacob, D.J., Mickley, L.J., Myers, S.S.,
2015. Fire emissions and regional air quality impacts from fires in oil palm,
timber, and logging concessions in Indonesia. Environ. Res. Lett. 10 (8). 085005.

Mehmood, K., Chang, S., Yu, S., Wang, L., Li, P., Li, Z., Liu, W., Rosenfeld, D., Seinfeld, J.
H., 2018. Spatial and temporal distributions of air pollutant emissions from
open crop straw and biomass burnings in China from 2002 to 2016. Environ.
Chem. Lett. 16 (1), 301–309.

Nirmalkar, J., Deb, M.K., 2016. Impact of intense field burning episode on aerosol
mass loading and its possible health implications in rural area of eastern central
India. Air Qual. Atmos. Health 9 (3), 241–249.

Oanh, N.T.K., Ly, B.T., Tipayarom, D., Manandhar, B.R., Prapat, P., Simpson, C.D., Liu,
L.J.S., 2011. Characterization of particulate matter emission from open burning
of rice straw. Atmos. Environ. 45 (2), 493–502.

Petäjä, T., Järvi, L., Kerminen, V.M., Ding, A.J., Sun, J.N., Nie, W., Kujansuu, J., Virkkula,
A., Yang, X., Fu, C.B., Zilitinkevich, S., 2016. Enhanced air pollution via aerosol-
boundary layer feedback in China. Sci. Rep. 6, 18998.

Sanchis, E., Ferrer, M., Calvet, S., Coscollà, C., Yusà, V., Cambra-López, M., 2014.
Gaseous and particulate emission profiles during controlled rice straw burning.
Atmos. Environ. 98, 25–31.

Shi, T., Liu, Y., Zhang, L., Hao, L., Gao, Z., 2014. Burning in agricultural landscapes: an
emerging natural and human issue in China. Landscape Ecol. 29 (10), 1785–
1798.

Streets, D.G., Waldhoff, S.T., 2000. Present and future emissions of air pollutants in
China: SO2, NOx, and CO. Atmos. Environ. 34 (3), 363–374.
Sun, J., Peng, H., Chen, J., Wang, X., Wei, M., Li, W., Yang, L., Zhang, Q., Wang, W.,
Mellouki, A., 2016. An estimation of CO2 emission via agricultural crop residue
open field burning in China from 1996 to 2013. J. Cleaner Prod. 112, 2625–2631.

Viana, M., López, J.M., Querol, X., Alastuey, A., García-Gacio, D., Blanco-Heras, G.,
López-Mahía, P., Piñeiro-Iglesias, M., Sanz, M.J., Sanz, F., Chi, X., 2008. Tracers
and impact of open burning of rice straw residues on PM in Eastern Spain.
Atmos. Environ. 42 (8), 1941–1957.

Wang, G., Kawamura, K., Xie, M., Hu, S., Cao, J., An, Z., Waston, J.G., Chow, J.C., 2009.
Organic molecular compositions and size distributions of Chinese summer and
autumn aerosols from Nanjing: Characteristic haze event caused by wheat
straw burning. Environ. Sci. Technol. 43 (17), 6493–6499.

Wang, Q., Shao, M., Liu, Y., William, K., Paul, G., Li, X., Liu, Y., Lu, S., 2007. Impact of
biomass burning on urban air quality estimated by organic tracers: Guangzhou
and Beijing as cases. Atmos. Environ. 41 (37), 8380–8390.

Wu, C.F., Jimenez, J., Claiborn, C., Gould, T., Simpson, C.D., Larson, T., Liu, L.J.S., 2006.
Agricultural burning smoke in eastern Washington: Part II Exposure
assessment. Atmosph. Environ. 40 (28), 5379–5392.

Yamaji, K., Li, J., Uno, I., Kanaya, Y., Irie, H., Takigawa, M., Komazaki, Y., Pochanart, P.,
Liu, Y., Tanimoto, H., Ohara, T., 2010. Impact of open crop residual burning on air
quality over Central Eastern China during the Mount Tai experiment 2006
(MTX2006). Atmos. Chem. Phys. 10 (15), 7353–7368.

Yi, K., Bao, Y., Zhang, J., 2017. Spatial distribution and temporal variability of open
fire in China. Int. J. Wildland Fire 26 (2), 122–135.

Zha, S., Zhang, S., Cheng, T., Chen, J., Huang, G., Li, X., Wang, Q., 2013. Agricultural
fires and their potential impacts on regional air quality over China. Aerosol Air
Qual. Res. 13, 992–1001.

Zhang, H., Hu, D., Chen, J., Ye, X., Wang, S.X., Hao, J.M., Wang, L., Zhang, R., An, Z.,
2011. Particle size distribution and polycyclic aromatic hydrocarbons emissions
from agricultural crop residue burning. Environ. Sci. Technol. 45 (13), 5477–
5482.

Zhang, H., Hu, J., Qi, Y., Li, C., Chen, J., Wang, X., He, J., Wang, S., Hao, J., Zhang, L.,
Zhang, L., 2017a. Emission characterization, environmental impact, and control
measure of PM2.5 emitted from agricultural crop residue burning in China. J.
Cleaner Prod. 149, 629–635.

Zhang, L., Liu, Y., Hao, L., 2016. Contributions of open crop straw burning emissions
to PM2.5 concentrations in China. Environ. Res. Lett. 11 (1). 014014.

Zhang, P., Zhang, J., Chen, M., 2017b. Economic impacts of climate change on
agriculture: the importance of additional climatic variables other than
temperature and precipitation. J. Environ. Econ. Manage. 83, 8–31.

Zhang, Y., Shao, M., Lin, Y., Luan, S., Mao, N., Chen, W., Wang, M., 2013. Emission
inventory of carbonaceous pollutants from biomass burning in the Pearl River
Delta Region, China. Atmos. Environ. 76, 189–199.

http://refhub.elsevier.com/S0048-9697(19)34624-8/h0105
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0105
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0105
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0105
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0110
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0110
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0110
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0115
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0115
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0115
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0115
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0120
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0120
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0120
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0125
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0125
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0125
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0130
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0130
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0130
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0135
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0135
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0135
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0140
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0140
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0140
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0140
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0145
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0145
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0145
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0150
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0150
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0150
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0155
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0155
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0155
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0160
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0160
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0160
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0165
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0165
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0165
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0170
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0170
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0170
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0175
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0175
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0175
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0175
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0180
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0180
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0180
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0180
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0185
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0185
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0185
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0185
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0190
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0190
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0190
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0195
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0195
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0195
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0200
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0200
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0200
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0200
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0205
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0205
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0210
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0210
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0210
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0215
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0215
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0215
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0215
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0220
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0220
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0220
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0220
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0220
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0225
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0225
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0225
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0230
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0230
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0230
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0235
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0235
http://refhub.elsevier.com/S0048-9697(19)34624-8/h0235

	Statistical evidence on the impact of agricultural straw burning on urban air quality in China
	1 Introduction
	2 Material and methods
	2.1 Straw burning
	2.2 Pollution and weather
	2.3 Panel construction and summary statistics
	2.4 Methods
	2.4.1 Straw burning and air pollution
	2.4.2 Nonlinear effects of straw burning
	2.4.3 Effects of upwind burning


	3 Results
	3.1 Impacts of controlling fixed effects and weather
	3.2 Effects of straw burning on air quality
	3.3 Nonlinearity in straw Burning’s effects
	3.4 Effects of upwind burning
	3.5 Heterogeneity by season and region
	3.6 Effects of straw burning on daily and annual PM10
	3.7 Robustness checks

	4 Discussions
	5 Conclusions
	Acknowledgments
	Appendix A Supplementary analyses and data
	References


