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Abstract. Air pollutant emissions from open biomass burn-
ing (OBB) in the Yangtze River Delta (YRD) were estimated
for 20052015 using three (traditional bottom-up, fire radia-
tive power (FRP), and constraining) approaches, and the dif-
ferences among those methods and their sources were an-
alyzed. The species included PMjg, PM> 5, organic carbon
(OC), elemental carbon (EC), CH4, non-methane volatile
organic compounds (NMVOCs), CO, CO;,, NO,, SO, and
NHs. The interannual trends in emissions with FRP-based
and constraining methods were similar to the fire counts in
2005-2012, while those with the traditional method were
not. For most years, emissions of all species estimated with
the constraining method were smaller than those with the
traditional method except for NMVOCs, while they were
larger than those with the FRP-based method except for EC,
CH4 and NHj3. Such discrepancies result mainly from dif-
ferent masses of crop residue burned in the field (CRBF)
estimated in the three methods. Chemistry transport mod-
eling (CTM) was applied using the three OBB inventories.
The simulated PMo concentrations with constrained emis-
sions were closest to the available observations, implying
that the constraining method provided the best emission
estimates. CO emissions in the three methods were com-
pared with other studies. Similar temporal variations were
found for the constrained emissions, FRP-based emissions,
GFASv1.0 and GFEDv4.1s, with the largest and the low-
est emissions estimated for 2012 and 2006, respectively. The
temporal variations in the emissions based on the traditional
method, GFEDv3.0, and the method of Xia et al. (2016)

were different. The constrained CO emissions in this study
were commonly smaller than those based on the traditional
bottom-up method and larger than those based on burned
area or FRP in other studies. In particular, the constrained
emissions were close to GFEDv4.1s that contained emissions
from small fires. The contributions of OBB to two particu-
late pollution events in 2010 and 2012 were analyzed with
the brute-force method. Attributed to varied OBB emissions
and meteorology, the average contribution of OBB to PM
concentrations in 8—14 June 2012 was estimated at 37.6 %
(56.7 ug m~3), larger than that in 17-24 June 2010 at 21.8 %
(24.0ugm™3). Influences of diurnal curves of OBB emis-
sions and meteorology on air pollution caused by OBB were
evaluated by designing simulation scenarios, and the results
suggested that air pollution caused by OBB would become
heavier if the meteorological conditions were unfavorable
and that more attention should be paid to the OBB control
at night. Quantified with Monte Carlo simulation, the un-
certainty of the traditional bottom-up inventory was smaller
than that of the FRP-based one. The percentages of CRBF
and emission factors were the main source of uncertainty for
the two approaches. Further improvement on CTM for OBB
events would help better constrain OBB emissions.
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1 Introduction

Open biomass burning (OBB) is an important source of at-
mospheric particulate matter (PM) and trace gases including
methane (CH4), non-methane volatile organic compounds
(NMVOC:s), carbon monoxide (CO), carbon dioxide (CO»),
oxides of nitrogen (NOy), sulfur dioxide (SO,) and ammo-
nia (NH3) (Andreae and Merlet, 2001; van der Werf et al.,
2010; Wiedinmyer et al., 2011; Kaiser et al., 2012; Giglio et
al., 2013; Qiu et al., 2016; Zhou et al., 2017a). As they have
significant impacts on air quality and climate (Crutzen and
Andreae, 1990; Cheng et al., 2014; Hodzic and Duvel, 2018),
it is important to understand the amount, temporal variation
and spatial pattern of OBB emissions.

Various methods have been used to estimate OBB emis-
sions, including the traditional bottom-up method that re-
lied on a surveyed amount of biomass burning (traditional
bottom-up method), the method based on burned area or fire
radiative power (BA or FRP method), and emission con-
straining with a chemistry transport model (CTM) and ob-
servation (constraining method). In the traditional bottom-up
method that was most frequently used, emissions were calcu-
lated as a product of crop production level, the ratio of straw
to grain, percentage of dry matter burned in fields, combus-
tion efficiency and emission factor (Streets et al., 2003; Cao
et al., 2007; Wang and Zhang, 2008; Zhao et al., 2013; Xia
et al., 2016; Zhou et al., 2017a). The BA or FRP method was
developed along with progress of satellite observation tech-
nology. BA was detected through remote sensing and used
in OBB emission calculation combined with ground biomass
density burned in fields, combustion efficiency and emission
factor. As burned area of each agricultural fire was usually
small and difficult to detect, this method could seriously un-
derestimate the emissions (van der Werf et al., 2010; Liu et
al., 2015). In the FRP-based method, fire radiative energy
(FRE) was calculated with FRP at overpass time of the satel-
lite and the diurnal cycle of FRP. The mass of crop residue
burned in the field (CRBF) was then obtained based on the
combustion conversion ratio and FRE, and emissions were
calculated as a product of the mass of CRBF and emission
factor (Kaiser et al., 2012; Liu et al., 2015). In the con-
straining method, observed concentrations of atmospheric
compositions were used to constrain OBB emissions with
CTM (Hooghiemstra et al., 2012; Krol et al., 2013; Kono-
valov et al., 2014). The spatial and temporal distributions of
OBB emissions were derived from information of fire points
from satellite observation. Although varied methods and data
sources might lead to discrepancies in OBB emission estima-
tion, those discrepancies and underlying reasons have seldom
been thoroughly analyzed in previous studies. Moreover, few
studies applied CTM to evaluate emissions obtained from
different methods; thus the uncertainty and reliability in OBB
emission estimates remained unclear.

Due to growth of economy and farmers’ income, a large
amount of crop residue were discharged and burned in the
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field, and OBB (which refers to crop residue burned in fields
in this paper) became an important source of air pollutants
in China (Streets et al., 2003; Shi and Yamaguchi, 2014; Qiu
et al., 2016; Zhou et al., 2017a). This brings additional pres-
sure to the country, which is suffering from poor air quality
(Richter et al., 2005; van Donkelaar et al., 2010; Xing et al.,
2015; Guo et al., 2017) and making efforts to reduce pollu-
tion (Xia et al., 2016; Zheng et al., 2017). Located in eastern
China, the Yangtze River Delta (YRD), including the city of
Shanghai and the provinces of Anhui, Jiangsu and Zhejiang,
is one of China’s most developed and heavily polluted re-
gions (Ran et al., 2009; Xiao et al., 2011; Cheng et al., 2013,
Guo et al., 2017). In addition to intensive industry and fossil
fuel combustion, the YRD is also an important area of agri-
culture production, and frequent OBB events aggravate air
pollution in the region (Cheng et al., 2014).

In this study, we chose the YRD to develop and evalu-
ate high-resolution emission inventories of OBB with dif-
ferent methods. Firstly, we established YRD’s OBB emis-
sion inventories for 2005-2012 using the traditional bottom-
up method (the percentages of CRBF for 2013-2015 were
currently unavailable) and inventories for 2005-2015 using
FRP-based and constraining methods. The three inventories
were then compared with each other and other available
studies in order to discover the differences and their ori-
gins. Meanwhile, the three inventories were evaluated using
the Models-3 Community Multi-scale Air Quality (CMAQ)
system and available ground observations. Contributions of
OBB to particulate pollution during three typical OBB events
in 2010, 2012 and 2014 were evaluated with the brute-
force method (BFM). Influences of meteorology and diurnal
curves of OBB emissions on air pollution caused by OBB
were also analyzed by designing simulation scenarios. Fi-
nally, uncertainties of the three OBB inventories were ana-
lyzed and quantified with Monte Carlo simulation.

2 Data and methods

2.1 Traditional bottom-up method

Annual OBB emissions in the YRD were calculated by city
from 2005 to 2012 using the traditional bottom-up method
with the following equations:

Eiy).j= > (Mg xEFjz). (1)
k
M y).k = Pii.y)x X Rk x Fiy) x CEg, )

where i and y indicate city and year (2005-2012), respec-
tively; j and k represent species and crop type, respectively;
E is the emissions, metric tons (t); M is the mass of CRBF,
Gg; EF is the emission factor, gkg~!; P is the crop produc-
tion, Gg; R is the ratio of grain to straw (dry matter); F is the
percentage of CRBF; and CE is the combustion efficiency.
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As summarized in Table S1 in the Supplement, emission
factors were obtained based on a comprehensive literature re-
view, and those developed in China were selected preferen-
tially. The mean value was used if various emission factors
could be obtained. When the emission factors for one crop
straw were not obtained, the mean value of the others was
used instead. Annual production of crops at the city level
was taken from statistical yearbooks (NBS, 2013). The ra-
tios of straw to grain for different crops were obtained from
Bi (2010) and Wang et al. (2013), and the combustion ef-
ficiencies for different crops were obtained from Zhang et
al. (2008), as provided in Table S2. Without officially re-
ported data, the percentages of CRBF were estimated to
be half of the percentages of unused crop residue, follow-
ing Su et al. (2012). In Jiangsu, the percentages of unused
crop residue were officially reported for 2008, 2011 and
2012, while data for other years were unavailable. In this
work, therefore, the percentages of CRBF were assumed to
be constant before 2008 and to decrease by the same rate
(—15.2 %) from 2008 to 2011 since a provincial plan was
made in 2009 to increase the utilization of straw (JPDRC
and SMAC, 2009). Similarly, the percentages of CRBF for
Shanghai were assumed to be constant before 2008 and to
decrease by the same rate (—16.8 %) from 2008 to 2012.
Without any official plans released, in contrast, constant per-
centages of CRBF were assumed for Zhejiang and Anhui
before 2011, and that for 2012 was taken from NDRC and
NEPD (2014). We applied uniform percentages of CRBF for
cities within a province attributed to lack of detailed infor-
mation at the city level, as summarized in Table S3. OBB
emissions after 2012 were not calculated with the traditional
bottom-up method, which is attributed to lack of information
on percentages of CRBF and unused crop residue for corre-
sponding years.

2.2 FRP-based method

Similar to the traditional bottom-up method, OBB emissions
of the FRP-based method were calculated by multiplying
the masses of CRBF and emission factors of various pollu-
tants, but mass of CRBF were derived from FRP instead of
government-reported data. As the burned crop types could
not be identified with FRP, uniform emission factors were
applied for different crop types (Randerson et al., 2018; Liu
et al., 2015; Qiu et al., 2016), as provided in Table S4.

The mass of CRBF was calculated with the following
equation:

M =FRE x CR, 3)

where M represents the mass of CRBF (kg), CR repre-
sents the combustion conversion ratio from energy to mass
(kgMJI~!) and FRE represents the total released radiative
energy in an active fire pixel obtained from satellite obser-
vation (MJ). We used a combustion ratio (CR) of 0.4140.04
(kgMJ —1) based on the results of Wooster et al. (2005) in the
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field and Freeborn et al. (2008) in the laboratory. The diur-
nal cycle of FRP from crop burning was assumed to follow
a Gaussian distribution. Following Vermote et al. (2009) and
Liu et al. (2015), FRE was calculated using a modified Gaus-
sian function as below:

24
=m?
FRE = / FRP = / FRPpeqk (b +e 27 )dt, “)
0
FRP;
FRPpeqk = o)

Ca=m2 ]’
b+e 27

where FRPpy is the peak FRP in the fire diurnal cycle; 7 is
the overpass time of the satellite; and b, o and & represent
the background level of the diurnal cycle, the width of fire
diurnal curve and the peak hour (local time, LT).

FRP data were taken from the MODIS Active Fire Prod-
uct (MCD14ML), which provides data from both the Terra
and Aqua satellites (Davies et al., 2009). The active fire data
in MCD14ML were derived from Terra with overpass times
at approximately 10:30 and 22:30 LT and Aqua with over-
pass times at 01:30 and 13:30 LT. The fire products provided
the geographic coordinates of fire pixels (also known as fire
points), overpass times, satellites and their FRP values. The
land cover dataset (GlobCover2009) was used to define crop-
lands (European Space Agency and Université Catholique de
Louvain, 2011).

Parameters b, o and A from 2005 to 2015 were calculated
using the interannual Terra-to-Aqua (T / A) FRP ratios pro-
vided in Table S5:

b =0.86r> —0.52r +0.08, (6)
o =3.89r +1.03, @)
h=—123r+14.57 +¢, (8)

where r represents the average T / A FRP ratio. Following
Liu et al. (2015), we added a parameter €(4h) to modify
FRPpeak hour (h) of the diurnal curve, and the modified FRP
diurnal curves could better represent observed FRP tempo-
ral variability than the original, as shown in Fig. S1 in the
Supplement. As a result, FRE was calculated to range from
1.49 x 10° MJ in 2009 to 1.95 x 10° MJ in 2005, with a mean
value of 1.74 x 10°MJ for the YRD region (Table S5).

To further understand the sources of discrepancies be-
tween bottom-up and FRP-based methods, the emission fac-
tors applied in the bottom-up method were weighted with
the masses of various crop types and used to estimate the
OBB emissions for 2010 with the FRP-based method. The
estimated OBB emissions (FRP-based (WSE)) were com-
pared with the emissions based on the bottom-up method in
Sect. 3.3.
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2.3 Constraining method

CTM and observation of ground particle matter (PM) con-
centrations were applied in constraining OBB emissions
given the potentially big contribution of OBB to particle
pollution for harvest seasons (Fu et al., 2013; Cheng et al.,
2014; Li et al., 2014). To characterize the nonlinearity be-
tween emissions and concentrations, an initial inventory in-
cluding OBB and other sources was applied in CTM, and
the response of PM concentrations to emissions was calcu-
lated by changing OBB emissions by a certain fraction (5 %
in this study) in the model. We defined a response coeffi-
cient as the ratio of relative change in PM concentrations to
that in OBB emissions. Simulated PM concentrations were
then compared with available observation, and the mass of
CRBF and OBB emissions of all species was corrected by
combining the obtained response coefficient and the discrep-
ancy between observed and simulated PM concentrations.
The corrected emissions were further applied in CTM and
the process (including recalculation of response coefficient)
was repeated until the discrepancies between observation and
simulation were small enough (the value of 7 in Eq. 9 is less
than 0.1 % in this study). To limit the potential uncertainty in
emissions from other sources, the differences between simu-
lated and observed PM concentrations for the non-OBB event
period were included in the analysis:

Sxi Qx,ixXNi
2= 2
x,1 x,i
I= o -1y, 9

2

X,0

where x and i stand for the time (time interval of simulation
is hour) and city, respectively; O is the observed PM con-
centration; S and Q are the simulated PM concentration with
and without OBB emissions, respectively; and N is the nor-
malized mean bias (NMB) for non-OBB event period. The
constraining method did not rely on the activity levels (i.e.,
the burned biomass in the cropland) that were still of con-
siderable uncertainty in China. The estimation in emissions
of the species for which the ground observation was applied
as constraint (PMj in this case) was less influenced by the
uncertainties of emission factors compared to the other two
methods.

As primary particles emitted from OBB are almost fine
ones, ambient PMj 5 concentrations were commonly ob-
served to account for large fractions of PM ¢ during the OBB
event. Figure S2 shows the observed concentrations of PM; 5
and PM ¢ at Caochangmen station in Nanjing (the capital of
Jiangsu) in June 2012, and the average mass ratio of PMj 5
to PMjg reached 79 % during the OBB event on 8—14 June
2012. The ratios might be even higher in the northern YRD
where most fire points were detected. As ground PMj 5 con-
centrations were unavailable in most cities of the northern
YRD before 2013, we expected that PMjo was an appro-
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priate indicator for OBB pollution and observed PM1g con-
centrations were used to constrain OBB emissions instead in
this study. The daily mean PMjo concentrations of all cities
were derived from the officially reported Air Pollution Index
(API) by the China National Environmental Monitoring Cen-
ter (http://www.cnemc.cn/, last access: 22 December 2018).
The conversion from API scores to PMjo concentrations is
discussed in the Supplement.

Figure 1 illustrated the spatial patterns of fire points (pan-
els al and a2) in June 2010 and 2012, city-level PMj( con-
centrations in the YRD region in June 2010 and 2012 (panels
bl and b2), and temporal variations in daily fire occurrences
in June 2010 and 2012 (panels cl and c2). From 2005 to
2012, most OBB activities were found in June 2010 and 2012
and the northern YRD was the region with the intensive fire
counts. Accordingly PMj( concentrations in northern YRD
cities were higher than those in more developed and indus-
trialized cities in the eastern YRD (e.g., Shanghai, Suzhou,
Wuxi and Changzhou) because emissions of OBB over-
whelmed those from other sources (Li et al., 2014; Huang
et al., 2016). Therefore we constrained OBB emissions with
observed PMj¢ concentrations in northern YRD cities in-
cluding Xuzhou, Lianyungang, Fuyang, Bengbu, Huainan,
Hefei, Chuzhou and Bozhou. Suggested by the monthly
and daily distribution of fire counts (Figs. S3 and 1c), two
strong OBB events were defined for 17-24 June 2010 and
8—14 June 2012, and other days in June 2010 and 2012 were
defined as the non-OBB event period. For other years, OBB
emissions were first scaled from the constrained emissions
in 2010 and 2012 with the ratios of FRE for the correspond-
ing year to that for 2010 and 2012, respectively, and then
calculated as the average of the two. Remarkably, the correc-
tion of activity level was based on the comparisons of sim-
ulated and observed PM( concentrations, and the emissions
of other species were revised according to the changed ac-
tivity level. The reliability of emission estimation for other
species thus depended largely on the reliability of emission
factors for PM1g and those species. Uncertainty would be in-
troduced in the method and attributed to lack of sufficient and
qualified domestic measurements on emission factors.

The traditional bottom-up method was used to calculate
the initial emission input for all species (NMVOC emission
factor was taken from the FRP-based method instead as those
in the bottom-up method (Li et al., 2007) did not contain oxy-
genated VOCs). In contrast to application of a uniform per-
centage of CRBF within one province, however, percentage
of CRBF for each city was calculated based on the fact that
in the whole YRD and the fraction of FRP in the city to total
YRD FRP to make the spatial distribution of OBB emissions
consistent with that of FRP over the whole YRD region:

> P(YRD, y),k

FRP(; y) 3
X ZP
i,y),k
k by

Fiy) = X F(YRD,y)» (10)

FRP(yRrD,y)
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Figure 1. (a) Spatial patterns of fire points in June 2010 and June 2012, (b) PM( concentrations for the city level in the YRD in June 2010
and June 2012, and (c) temporal variations in daily fire occurrences in June 2010 and 2012. City abbreviations FY, BZ, BB, HN, HF,
CZ(a), XZ, LYG, NJ, YZ, ZJ, TZ, NT, CZ, WX, SZ, HZ(a), JX, HZ, SX, NB and SH indicate Fuyang, Bozhou, Bengbu, Huainan, Hefei,
Chuzhou, Xuzhou, Lianyungang, Nanjing, Yangzhou, Zhenjiang, Taizhou, Nantong, Changzhou, Wuxi, Suzhou, Huzhou, Jiaxing, Hangzhou,
Shaoxing, Ningbo and Shanghai.
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where i and k represent city and crop type, respectively; y
indicates the year (2010 and 2012); and F, P, and FRP are
the percentage of CRBE, crop production, and fire radiative
power, respectively. The initial percentage of CRBF for total
YRD (F(yrp,y) in Eq. 10) was expected to have a limited im-
pact on the result and it was set at 10 %, smaller than those in
previous studies (Streets et al., 2003; Cao et al., 2007; Wang
and Zhang, 2008; Zhao et al., 2013; Xia et al., 2016; Zhou et
al., 2017a).

2.4 Temporal and spatial distributions

The spatial and temporal patterns of OBB emissions in the
three inventories were determined according to the FRP of
agricultural fire points. The emissions of the mth grid in
region u on the nth day in year y were calculated using
Eq. (11):

FRP (. 1)
FRP,y)

where FRP(,, ;) is the FRP of the mth grid on the nth day;
FRP(,,y) and E, ), ; are the total FRP and OBB emissions
of species j for region u in year y, respectively. The region
u indicates city for the FRP-based and constraining meth-
ods, while it indicates province for the traditional bottom-
up method since uniform percentages of CRBF were applied
within the same province in the method.

Enny,j = X Eu,y),j, an

2.5 Configuration of air quality modeling

The Models-3 Community Multi-scale Air Quality (CMAQ)
version 4.7.1 was applied to constrain OBB emissions and to
evaluate OBB inventories with different methods. As shown
in Fig. 2, one-way nested domain modeling was conducted,
and the spatial resolutions of the two domains were set at
27 and 9 km, respectively, in Lambert conformal conic pro-
jection, centered at (110°E, 34° N) with two true latitudes
25 and 40° N. The mother domain (D1, 180 x 130 cells)
covered most parts of China, Japan, and North and South
Korea, while the second domain (D2, 118 x 97 cells) cov-
ered the whole YRD region. OBB inventories developed in
this work were applied in D2. Emissions from other an-
thropogenic sources in D1 and D2 were obtained from the
downscaled Multi-Resolution Emission Inventory for China
(MEIC, http://www.meicmodel.org/, last access: 22 Decem-
ber 2018) with an original spatial resolution of 0.25° x 0.25°.
Population density was applied to relocate MEIC to each
modeling domain. The biogenic emission inventory was from
the Model Emissions of Gases and Aerosols from Nature
developed under the Monitoring Atmospheric Composition
and Climate project (MEGAN MACC; Sindelarova et al.,
2014), and the emission inventories of Cl, HCI and light-
ning NO, were from the Global Emissions Initiative (GEIA;
Price et al., 1997). Meteorological fields were provided by
the Weather Research and Forecasting Model (WRF) ver-
sion 3.4, and the carbon bond gas-phase mechanism (CB05)
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Figure 2. Model domain and locations of 43 meteorologi-
cal monitoring sites. The numbers of 1-41 represent the cities
Fuyang, Bozhou, Huaibei, Suzhou, Huainan, Bengbu, Luan, Hefei,
Chuzhou, Anqging, Chaohu, Maanshan, Chizhou, Tongling, Wuhu,
Huangshan, Xuancheng, Xuzhou, Lianyungang, Suqgian, Huai’an,
Yancheng, Yangzhou, Taizhou, Nanjing, Zhenjiang, Nantong,
Changzhou, Wuxi, Suzhou; Huzhou, Jiaxing, Hangzhou, Shaoxing,
Ningbo, Zhoushan, Quzhou, Jinhua, Taizhou, Lishui and Wenzhou,
respectively.

and AEROS aerosol module were adopted. Other details on
model configuration and parameters were given in Zhou et
al. (2017b).

Meteorological parameters of the WRF model were com-
pared with the observation dataset of the US National Cli-
mate Data Center (NCDC), as summarized in Table S6. For
June 2010, the average biases between the two datasets were
0.06 ms~! for wind speed, 9.84° for wind direction, 0.64 K
for temperature and 2.99 % for relative humidity. The ana-
logue numbers were 0.01 and 0.67 m s~1 7 and 18.22°,0.91
and 0.43 K, and 3.1 and 0.07 %, respectively, for June 2012
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Figure 3. Fire counts and CO, emissions estimated with traditional
bottom-up, FRP-based and constraining methods for YRD 2005—
2012.

and 2014, respectively. The meteorological parameters of
this study were in compliance with the benchmarks derived
from Emery et al. (2001) and Jiménez et al. (2006). Sim-
ulated daily PM¢ concentrations were compared with ob-
servations for the non-OBB event period in June 2010 and
2012 in Table S7. The averages of NMBs and normalized
mean errors (NMEs) were —19.2 % and 38.9 % for 17 YRD
cities in June 2010 and 20.9 % and 33.9 % for 22 cities in
June 2012, respectively. Simulated daily and hourly PM> s,
PMjo and CO concentrations were compared with the ob-
servation for the non-OBB event period in June 2014 in Ta-
bles S8 and S9. The hourly NMB of PM» 5 and PMy was
—29.9% and —39.8 %, and the hourly NME of PM; 5 and
PMjo was 49.8 % and 54.7 %. The model performance of
PM; 5 and PM|p was similar to that derived by Zhang et
al. (2006) in the US in general. The hourly NMB and NME
of CO were —42.3 % and 48.3 %, and they were similar to
those derived by Kota et al. (2018). As shown in Fig. S4,
moreover, simulated hourly PM;g and PM3 5 concentrations
were in good agreement with observations at four air qual-
ity monitoring sites in the YRD during the non-OBB event
period in June 2012. The comparison thus implied the relia-
bility of the emission inventory of anthropogenic origin used
in this work, while underestimation might occur, indicated
by the negative NMB.

3 Results and discussions
3.1 OBB emissions estimated with the three methods

OBB emissions estimated with the traditional bottom-up
method for 2005-2012 were shown in Table S10. As emis-
sion factors were assumed unchanged during the period, sim-
ilar interannual trends were found for all species and CO,
was selected as a representative species for further discus-
sion. As shown in Fig. 3, CO; emissions from the traditional
bottom-up method were estimated to decrease from 23 000 in
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2005 to 19973 Gg in 2012, with a peak value of 27061 Gg
in 2008. In contrast, the number of fire points in YRD farm-
land increased from 7158 in 2005 to 17074 in 2012. The
fire counts detected from satellites thus did not support the
effectiveness of OBB restriction by the government in the
YRD before 2013. Table S11 presents the annual OBB emis-
sions derived from the FRP-based method for 2005-2015 in
the YRD region. Associated with fire counts, CO; emissions
were estimated to grow by 119.7 % from 2005 to 2012, with
the largest and the second largest annual emissions calcu-
lated at 19977 and 12718 Gg for 2012 and 2010, respec-
tively (Fig. 3). Similar temporal variability was found for fire
counts, which increased by 138.5 % from 2005 to 2012, with
the most and the second most counts found at 17074 and
12322 for 2012 and 2010, respectively.

With the constraining method, as shown in Fig. S5, the ra-
tio of constrained mass of CRBF for 2012 to 2010 was 1.51,
clearly lower than the ratios of original FRE (1.75) but close
to the ratio of modified FRE for 2012 to 2010 (1.57). The
comparison suggested that modified FRE better reflects the
OBB activity in the YRD than the original FRE. In order to
make the ratio of FRE for the two years be closer to the ra-
tio of constrained mass of CRBF, an improved method was
developed for calculating the FRE. Given the possible vari-
ation in FRPpeax hour between years, we obtained the diur-
nal cycle of total FRP of the YRD for 2005-2015 based on
Gaussian fitting as shown in Fig. S6. The ratio of FRE for
2012 to 2010 was recalculated at 1.54, further closer to the
ratio of constrained mass of CRBF. Therefore the ratios of
FRE for another given year to 2012 and 2010 were calculated
with this improved method and were then applied to emission
scaling for that year. The constrained OBB emissions from
2005 to 2015 were summarized in Table 1. The interannual
trend in constrained emissions was similar to those in fire
counts and FRP-based emissions but different from that in
emissions with the traditional bottom-up method, as shown
in Fig. 3. It is usually difficult to collect accurate percentages
of CRBF from the bottom-up method, as it demands inten-
sive investigation in rural areas. In addition, the percentages
of CRBF were not updated for each year, and the same per-
centages were commonly applied for years without sufficient
data support from local surveys.

The constrained CO; emissions for Jiangsu, Anhui, Zhe-
jiang and Shanghai were calculated at 5790, 4699, 1104 and
419 Gg in 2005, accounting for 48.2 %, 39.1 %, 9.2 % and
3.5 % of total OBB emissions in the YRD, respectively. The
analogue numbers for 2012 were 7345, 16159, 2574 and
394 Gg and 27.7 %, 61.0%, 9.7 % and 1.5 %, respectively.
Jiangsu and Anhui were found to contribute the most to OBB
emissions in the YRD for 2005 and 2012, respectively. In the
traditional bottom-up method, however, Anhui was estimated
to contribute the most for both years. City-level OBB emis-
sions estimated with the three methods were summarized in
Table S12-S14. With the constraining method, in particular,
the largest CO; emissions were found in Suzhou (1708 Gg)
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Table 1. Constrained OBB emissions from 2005 to 2015 in the YRD (unit: Gg); OC: organic carbon; EC: elemental carbon.

PM;y PM,s EC OC CHy; NMVOCs co CO, NO, SO, NHj
2005 175.7 1537 44 387 321 4203 6702 120112 222 27 41
2006 1713 1499 43 378 313 4099 6537 117167 217 26 40
2007 219.1 1917 55 483 400 5242 8359 149819 277 34 5.1
2008 1767 1546 44 390 323 4228 6743 120852 223 27 4l
2009 178.8 1564 4.5 394 326 4277 6820 122233 226 28 42
2010 2579 2257 65 583 476 6245 9877 177203 330 40 6.
2011 1889 1653 47 417 345 4520 7207 129177 239 29 44
2012 389.0 3404 9.6 836 702 919.4 1478.6 264736 486 60 9.0
2013 2607 228.1 65 575 476 6238 9947 17828.1 330 40 6.
2014 3324 2908 83 733 607 7952 1268.1 227290 420 51 78
2015 109.9 961 28 242 20.1 2629 4193 75146 139 17 26

of Anhui and Lianyungang (1578 Gg) and Xuzhou (1401 Gg)
of Jiangsu in 2005, accounting for 14.2 %, 13.1 % and 11.7 %
of the total emissions, respectively. In 2012, Suzhou, Bozhou
of Anhui and Xuzhou of Jiangsu were identified as the cities
with the largest emissions, with the values estimated at 5007,
2433 and 2109 Gg, respectively. Depending on distribution
of fire points, the shares of OBB emissions by city were close
between the constraining and FRP-based methods, and large
emissions concentrated in the north of the YRD. Based on
surveyed percentages of CRBF and crop production, in con-
trast, the emission shares by city in the traditional bottom-up
method were clearly different from the other two, and emis-
sions were concentrated in Anhui cities with a high crop pro-
duction level.

The average annual emissions of CO; for 2005-2011 with
the traditional bottom-up method were 87.0 % larger than
those in the constraining method and the emissions for 2012
were 24.6 % smaller than those in the constraining method.
Given the same sources of emission factors for all species
except NMVOCs, the discrepancies of OBB emissions for
most species between constraining and traditional bottom-up
methods come from the activity levels (i.e., percentages of
CRBF and crop production). The average annual constrained
emissions from 2005 to 2015 were larger than those derived
with the FRP-based method for all species except elemental
carbon (EC), CH4 and NH3 since the average annual mass of
CRBF from the constraining method was 36.9 % larger than
those from the FRP-based method for these years, as shown
in Fig. S7.

The percentage of CRBF is an important parameter to
judge OBB activity and to estimate emissions. In addition to
the investigated values applied in the traditional bottom-up
approach, the percentages of CRBF were recalculated based
on the constrained emissions at the provincial level and were
shown in Fig. S8. The largest and smallest percentages of
CRBF in the whole YRD region were estimated at 18.3 % in
2012 and 8.1 % in 2006, respectively. The interannual trend
in percentages of CRBF for the YRD was closest to that for
Anhui Province, as the province dominated the crop burning
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in the region. The different interannual trends by province
were strongly influenced by agricultural practice and gov-
ernment management. Agricultural practice could be associ-
ated with income level and mechanization level. Increased in-
come would lead to more crop residue discarded and burned
in the field, while development of mechanization would lead
to less. The constrained percentages of CRBF for Shang-
hai increased from 2005 to 2007 and declined after 2007,
while those for Jiangsu decreased from 2005 to 2008 and
increased after 2008. Increasing trends were found for the
percentages of CRBF for Anhui and Zhejiang from 2005 to
2012, and they might result largely from growth of farmers’
income. Note that percentages of CRBF for all provinces
except Zhejiang decreased significantly in 2008, attributed
largely to the measures of air quality improvement for the
Beijing Olympic Games. Shanghai was the only one with its
percentage of CRBF significantly reduced in 2010, result-
ing mainly from the air pollution control for Shanghai World
Expo in that year. Compared to the percentages of CRBF
used in the bottom-up method, the constrained ones of An-
hui and Jiangsu for all the years except 2012 were smaller,
leading to lower constrained OBB emissions than bottom-up
ones in those years.

The constrained percentages of CRBF and straw yields
for 2012 were shown by city in Fig. S9, and clear incon-
sistency in spatial distributions can be found. The percentage
of CRBF was not necessarily high for a city with large straw
production. For instance, straw production of Yancheng was
higher than most other cities, but its percentage of CRBF was
5.7 % and lower than most other cities. Through linear re-
gression, the correlation coefficient was calculated at only
0.06 between the constrained percentage of CRBF and straw
yield at the city level. The poor correlation between them
thus suggested that large uncertainty could be derived if a
uniform percentage of CRBF was applied to calculate OBB
emissions for cities within a given province, as we did in the
traditional bottom-up methodology.
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Figure 4. Observed 24 h averaged PM | concentrations and simulated hourly PM;( concentrations without OBB emissions (No_OBB)
and with OBB emissions based on traditional bottom-up (Traditional_OBB), FRP-based (FRP_OBB) and constraining (Constrained_OBB)
methods in Lianyungang, Fuyang, Bozhou, Bengbu, Huainan, Hefei and Chuzhou during 17-25 June 2010.
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Figure 5. Observed 24 h averaged PM | concentrations and simulated hourly PM concentrations without OBB emissions (No_OBB)
and with OBB emissions based on traditional bottom-up (Traditional_OBB), FRP-based (FRP_OBB) and constraining (Constrained_OBB)
methods in Xuzhou, Lianyungang, Fuyang, Bozhou, Bengbu, Huainan, Hefei and Chuzhou during 8-14 June 2012.
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3.2 Evaluation of the three OBB inventories with
CMAQ

Figures 4 and 5 illustrate the observed 24 h averaged and sim-
ulated hourly PM¢ concentrations for selected YRD cities
in 17-25 June 2010 and 8-14 June 2012, respectively. Four
emission cases, i.e., inventory without and with OBB emis-
sions estimated using the three methods, were included. The
simulated PM( concentrations without OBB emissions were
significantly lower than observation for all cities, imply-
ing that OBB was an important source of airborne particu-
lates during the two periods. Simulations with OBB emis-
sions derived from the three methods performed better than
those without OBB emissions for most cities during 17-25
June 2010 and all cities during 8—14 June 2012. The best per-
formance was found for simulations with constrained OBB
emissions in most cities during the two periods, and the
high PMo concentrations were generally caught by CTM
for the concerned OBB events. In 2010, the observed high
concentrations were simulated with constrained emissions in
Lianyungang during 21-23 June, and Fuyang and Huainan
during 19-21 June. In 2012, the observed high concentra-
tions were caught with constrained emissions in Xuzhou dur-
ing 12-14 June, Lianyungang during 13-14 June, Fuyang
during 11-12 June, Bozhou during 10 June and Chuzhou
during 11-12 June. The results thus indicated that fire points
could principally capture the temporal and spatial distribu-
tion of OBB emissions. Overestimation still existed with
constrained OBB emissions for the cities with intensive
fire points (e.g., Xuzhou, Bozhou, and Fuyang in 2012 and
Bengbu in 2010), while underestimation commonly existed
for cities with fewer fire points (e.g., Hefei, Chuzhou and
Huainan in 2010 and 2012). Due to limitation of MODIS ob-
servation, fires at moderate to small scales could not be fully
detected (Giglio et al., 2003; Schroeder et al., 2008); thus the
spatial allocation of OBB emissions based on FRP could pos-
sibly result in more emissions than actually in areas with in-
tensive fire points. Moreover, we used PM» s, PM;g and CO
concentrations (which were available since 2013) to evaluate
the model performances when the constrained, FRP-based or
no-OBB emissions were applied in CTM for an OBB event
during 7-13 June 2014. Figures S10 and S11 illustrate the
observed and simulated hourly concentrations for PM» s and
PMjg in selected YRD cities, respectively. The best perfor-
mance was found for simulations with the constrained OBB
emissions in most cities during the period, and the peak
particle concentrations were generally caught by CTM. The
observed high concentrations were simulated with the con-
strained emissions in Lianyungang and Suqian on 12 June
and Huai’an and Yancheng on 13 June. Figure S12 illustrates
the observed and simulated hourly concentrations for CO in
selected YRD cities, respectively. The best performance was
found for simulations with the constrained OBB emissions in
most cities during the period, and the observed high CO con-
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centrations were simulated with the constrained emissions in
Xuzhou and Huai’an on 13 June.

The NMB and NME between observed and simulated
PM, s and PM;y concentrations are shown in Table 2. In
most cases, the NMB and NME with constrained OBB emis-
sions were smaller than those with other OBB emissions, im-
plying the best guess of OBB emissions obtained through the
constraining method combining CTM and ground observa-
tions. The simulated PM5 5 and PMj( concentrations using
FRP-based OBB emissions were smaller than observations
for the three periods, due mainly to the mass of CRBF being
underestimated. The results thus indicated that OBB emis-
sions might be underestimated with the FRP-based method
in 2010, 2012 and 2014 since many small fires in the YRD
were undetected in MODIS active fire detection products.
The probability of MODIS detection was strongly dependent
upon the temperature and area of the fire being observed.
The average probability of detection for tropical savanna was
33.6 % when the temperature of fire was between 600 and
800°C and the area of fire was between 100 and 1000 m?
(Giglio et al., 2003). In the YRD region, on the one hand,
the fire temperature of crop residue burned in fields was rel-
atively low. On the other hand, nearly 100 farmers were pos-
sibly located in a single 1 x 1 km MODIS pixel (Liu et al.,
2015), and a farmer commonly owned croplands of several
hundred square meters. Therefore many fire pixels in the
YRD might not be detected, leading to underestimation in
the total FRE. The simulated PM|( concentrations using tra-
ditional bottom-up OBB emissions were higher than obser-
vations in 2010 but lower in 2012. The results thus implied
the growth in OBB emissions from 2010 to 2012 could not
be captured by the traditional bottom-up method, attributed
partly to application of an unreliable percentage of CRBF.
We further selected the performance of CMAQ modeling
in the US (Zhang et al., 2006) as the benchmark for PM3 5
and PM ¢ simulation. As can be seen in Table 2, the NMBs
and NMEs for most cases with the constrained OBB emis-
sions were close to those by Zhang et al. (2006). The NMEs
for hourly PM», 5 and PM ¢ were slightly larger. Given the
larger uncertainty in the emission inventory of anthropogenic
sources for China and the uncertainty in spatial and temporal
distribution of OBB emissions due to the satellite detection
limit, we believe the model performance with the constrained
OBB emissions was improved and acceptable. The NMB and
NME between observed and simulated CO concentrations
are shown in Table S15. Similar to PM, 5 and PMj, the
NMBs and NMEs between observed and simulated CO con-
centrations with constrained OBB emissions were smaller
than those with FRP-based OBB emissions or without OBB
emissions, implying the advantage of constrained OBB emis-
sions against other inventories.
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Table 2. Model performance statistics for concentrations of PM» 5 and PM( from observation and CMAQ simulation without OBB emis-
sions (No_OBB) and with OBB emissions based on traditional bottom-up (Traditional_OBB), FRP-based (FRP_OBB) and constraining
methods (Constrained_OBB) for the three OBB events of June 2010, 2012 and 2014.

No_OBB | Traditional_ OBB | FRP_OBB | Constrained_OBB
NMB NME | NMB NME | NMB NME | NMB  NME
2010 PMjg Daily —47% 50% | 11%  44% | =33% 41% | —16% 37%
2012 PMjg Daily —60% 68% | —16%  45% | —45% 52% | —10% 45%
2014 PM|y Daily —59% 59% —54% 54% | —37% 42 %
Hourly —-59% 60% —54% 57% | —=37% 52%
PMys Daily —52% 52% —41% 2% | —12% 39 %
Hourly —-52% 56% —41% 51% | —13% 54 %
Benchmark®  PMj —45% 49 %
PM, 5 —33% 43 %
* From Zhang et al. (2006). NMB and NME were calculated using the following equations (P and O indicate the results from modeling prediction and
observation, respectively): NMB = % x 100 %; NME = % x 100 %.
33 Compar isons of different methods and studies 2500 —m— Constraining method Traditional bottom-up method —&— FRP-based method
—w— GFASV1.0—— GFEDv4.1s —p— GFEDV3.0 —4—Xia etal., 2016 4 Huangetal, 2012
.. . . 2000 Wang and Zhang, 2008 W Zhou et al, 2017a
We selected CO to compare emissions in this work and ] W
other inventories for the YRD, given the similar emission
factors of CO applied in different studies. CO emissions 3 1500 |
from the three methods in this study were compared with @ /l
GFASv1.0 (Kaiser et al., 2012), GFEDv3.0 (van der Werf % .
et al., 2010), GFEDv4.1 (Randerson et al., 2018), Wang £ 10004 "
and Zhang (2008), Huang et al. (2012), Xia et al. (2016), 9
and Zhou et al. (2017a), as shown in Fig. 6. The emis- 500
sions from Wang and Zhang (2008), Huang et al. (2012),
Xia et al. (2016), and Zhou et al. (2017a) were derived '\ﬁ\,/f::——/
ol =

with the traditional bottom-up method, while GFASv1.0,
GFEDv3.0 and GFEDv4.1 were based on FRP and BA
methods. In particular, emissions from small fires were in-
cluded in GFEDv4.1. Similar interannual variations were
found for emissions derived from FRP measurement includ-
ing the constrained and FRP-based emissions in this work,
GFAS v1.0 and GFED v4.1, while those of GFEDv3.0 and
Xia et al. (2016) were different. The percentages of CRBF
were assumed unchanged during the study period in Xia et
al. (2016); thus the temporal variation in OBB emissions was
associated with the change in annual straw production.

The constrained CO emissions in this work were lower
than other studies using the traditional bottom-up method
(Wang and Zhang, 2008; Huang et al., 2012; Xia et al,,
2016) and higher than those based on burned area and FRP
derived from satellites (GFEDv3.0, GFASv1.0, GFEDv4.1).
In particular, the average annual constrained emissions from
2005 to 2012 were 3.9, 0.5 and 15.0 times larger than those
in GFASv1.0, GFEDv4.1s and GFEDV3.0, respectively. The
constrained emissions were closest to GFED v4.1s, which
included small fires. Since the area of farmland belonging
to individual farmers was usually small, small fires were
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Figure 6. Annual CO emissions from OBB in the YRD obtained in
this work and other studies from 2005 to 2012.

expected to be important sources of OBB emissions in the
YRD. GFEDv4.1s might still underestimate OBB emissions
due to the omission errors for the small fires in MODIS active
fire detection products (Schroeder et al., 2008). In addition,
the constrained CO emission for 2013 was 31.5 % larger than
those by Qiu et al. (2016) calculated based on burned area
from satellite observations. The average annual CO emis-
sions from 2005 to 2012 with the constraining method were
57.2 % smaller than Xia et al. (2016), and the constrained
emissions for 2006 were respectively 27.6 % and 56.9 %
lower than those by Huang et al. (2012) and Wang and Zhang
(2008). It implied again that the emissions derived from tra-
ditional bottom-up method might be overestimated. More-
over, discrepancy in estimations for the same year between
Huang et al. (2012) and Wang and Zhang (2008) with the tra-
ditional bottom-up method resulted mainly from application
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Figure 7. Spatial distributions of CO emissions from OBB obtained in this work (constraining method), GFAS v1.0, GFED v3.0 and GFED

v4.1s in 2010 (Horizontal resolution: 0.5° x 0.5°).

of different percentages of CRBF, implying that calculation
of OBB emissions was sensitive to the parameter with the
bottom-up approach.

The spatial distribution of constrained emissions in this
work and those in GFASv1.0, GFEDv3.0 and GFEDv4.1s
were illustrated in Fig. 7. Intensive OBB emissions in
GFEDv3.0 were mainly found in parts of Anhui, Jiangsu
and Shanghai, while the constrained emissions, GFEDv4.1s
and GFASv1.0 emissions occurred in most YRD regions in
accordance with the distribution of fire points. Therefore,
GFEDvV3.0 might miss a large number of burned areas, lead-
ing to underestimation in emissions and bias in spatial distri-
bution.

In order to understand the discrepancies of emissions for
different species in this work and other inventories, the emis-
sions of 2010 derived from the three methods in this study,
GFASv1.0, GFEDv3.0, GFEDv4.1s and Xia et al. (2016)
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were summarized in Table 3. Similar to CO, the constrained
emissions for all species in this work were lower than Xia
et al. (2016) and OBB emissions of this study based on
the traditional bottom-up method. The constrained emissions
for all species in this work were larger than GFASv1.0 and
those for all species except NH3 were larger than GFEDv3.0
and GFEDv4.1s. In addition, the constrained emissions for
most species were lower than the emissions from Huang et
al. (2012), Wang and Zhang (2008), and Xia et al. (2016) us-
ing the traditional bottom-up method in 2006. In most cases,
the discrepancy in activity levels among studies was larger
than that in emission factors. Specifically, the OBB emis-
sions for all species in the FRP-based (WSE) method were
smaller than those derived with the bottom-up method. The
differences in OBB emissions between the bottom-up and
FRP-based (WSE) methods were larger than 50 % of those
between the bottom-up and the original FRP-based method
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with different emission factors for most species. This indi-
cated that the discrepancy in activity levels contributed the
most to the difference in OBB emissions between the two
methods.

Resulting from the different sources of emission factors,
the discrepancies among studies or methods varied greatly by
species. For PM g and PM3 5, as an example, the emissions
by Xia et al. (2016) were respectively 35.8 % and 50.3 %
higher than constrained emissions in 2010. The discrepan-
cies for SO, and NO, were larger: the emissions by Xia
et al. (2016) were 4.7 and 3.1 times larger than our con-
strained emissions, respectively. Moreover, the constrained
NMVOC emission was 152.5 and 10.7 times larger than
that of GFEDv3.0 and GFEDv4.1s in 2010, as the emission
factors of GFEDv3.0 and GFEDv4.1s did not contain oxy-
genated VOCs. In contrast, the constrained NH3 emission
was 4.7 % and 47.9 % smaller than that of GFEDv3.0 and
GFEDv4.1s. The comparisons indicated that emission fac-
tors were important sources of uncertainties in estimation of
OBB emissions with different methods.

3.4 Contribution of OBB to particulate pollution and
its influencing factors

The BFM (Dunker et al., 1996) was used to analyze the con-
tributions of OBB to PM ¢ pollution for the two OBB events,
17-24 June 2010 and 8-14 June 2012. Simulated PM;( con-
centrations with and without constrained OBB emissions
were compared, and the difference indicated the contribu-
tion from OBB as shown by city in Fig. 8. The average
contribution on 8-14 June 2012 was estimated at 37.6 %
(56.7 ug m~3) for 22 cities in the YRD, and the contribution
for 17-24 June 2010 was smaller at 21.8 % (24.0pugm™2)
for 17 cities. Our result for 2012 was nearly the same as that
for five YRD cities in 2011 (37.0 %) by Cheng et al. (2014).
Using the BFM, the contribution of OBB emissions to PMjg
concentrations was estimated to increase by 136.3 % from
2010 to 2012 in this work, and the growth rate was larger than
that of OBB emissions (50.8 %). Therefore, factors other
than emissions (e.g., meteorology) could also play an impor-
tant role in elevating the contribution of OBB to ambient par-
ticle pollution. For example, the average precipitation on 8-
14 June 2012 was 36 % lower than that on 17-24 June 2010,
exaggerating the particle pollution during the OBB event. For
the OBB event during 7—13 June 2014, the contributions of
OBB to both PM; 5 and PM( concentrations were shown by
city in Fig. 9. The average contributions of PM; 5 and PM;¢
were estimated at 29 % and 23 % for 22 cities in the YRD,
indicating again that the OBB was an important source of
ambient particles. OBB contribution to PMjg for 2014 was
smaller than that for 2012, attributed mainly to the reduced
straw burning in cropland.

The average contributions of OBB for 2012 were esti-
mated at 55.0 % (98.4 ugm~3), 36.4 % (58.0 ugm—3), 23.6 %
(12.9ugm™3) and 14.4 % (11.2 ug m~3) for six cities of An-
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hui, 10 cities of Jiangsu, five cities of Zhejiang and Shang-
hai, respectively. For individual cities, large contributions
of OBB for 2012 were found in Xuzhou, Bozhou, Fuyang
and Lianyungang located in the northern YRD, reach-
ing 82.3% (284.3pgm™3), 75.2% (207.5ugm=3), 71.9%
(134.7 ugm=3) and 63.5 % (96.2 ug m~3), respectively. Sim-
ilarly, large contributions for 2010 were found in Lianyun-
gang, Fuyang and Bozhou reaching 63.3 % (69.8 ugm™3),
582% (71.9ugm™) and 78.8% (53.6ugm™3), respec-
tively. In general the spatial distribution of contributions to
PMo mass concentrations was similar to that of fire points,
confirming the rationality of constraining OBB emissions
with observed PM ¢ concentration in cities in northern Anhui
and Jiangsu. For PM; 5, the large contributions of OBB were
found in Xuzhou, Huai’an and Suqgian during the event in
2014, reaching 67.5 % (111.7 uygm~3), 60.7 % (50.6 uyg m~3)
and 53.2 % (49.6 ugm™—3), respectively.

To explore the influence of meteorology on air pollution
caused by OBB, we simulated PMjg concentrations for 8-
14 June (PE1) and 22-28 June 2012 (PE2) with varied me-
teorology conditions but fixed OBB emissions (i.e., con-
strained emissions for 8—14 June 2012). Poorer meteorology
conditions during PE1 than PE2 were found. The average
wind speed in PE1 was 2.4ms~!, 17 % lower than that in
PE2. The average wind direction in PE1 was 168.3°, close
to south with polluted air in land. In contrast, the average
wind direction in PE2 was 118.3°, close to east with clean
air from the ocean. The average precipitation in PE2 was
6.8 mm, 28 % higher than that in PE1. As shown in Fig. 10,
the average contribution of OBB to PMjg concentrations for
22 cities in the YRD region was estimated at 56.7 ugm~3
for PE1, 23 % larger than that for PE2, and the contribu-
tions in most cities were much larger for PE1 than those for
PE2, except for Bozhou and Fuyang. The comparisons thus
suggest that air pollution caused by OBB would exaggerate
under poorer meteorology conditions. To reduce air pollu-
tion caused by OBB in harvest season in the YRD, therefore,
more attention should be paid to the OBB restriction on those
days with unfavorable meteorology conditions such as calm
wind and rainless periods.

To further analyze the influence of diurnal variation in
emissions on air pollution caused by OBB, we simulated
PM;( concentrations of 17-24 June 2010 with various diur-
nal curves of OBB emissions (i.e., those for 2010 and 2012).
Constrained emissions were applied in the simulation. As
shown in Fig. 11, the contributions of OBB to PMjg con-
centrations based on the diurnal curve of 2012 were larger
than those based on 2010 for almost all YRD cities, and
the average contribution for the 17 cities was calculated at
28.6 ug m~> based on the diurnal curve of 2012, 10 % larger
than that based on 2010. The contribution in Bozhou changed
most (1.37 times larger with the 2012 curve), while those in
Shanghai, Huzhou and Shaoxing changed the least. The time
of peak value for OBB emissions in 2012 was 2.5 h later than
2010, indicating that the fraction of OBB emissions at night
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Table 3. OBB emissions in the YRD derived from this work and other studies in 2010 (unit: Gg).
PM;y PM,s EC OC CHy; NMVOCs Co CO, NO, SO, NHj
Traditional (this work) 3624 317.1 9.3 85.7 679 1549 1391.8 24978.0 47.0 54 8.7
FRP-based (this work) 57.8 50.6 6.4 18.5 465 412.5 820.1 12718.0 24.9 32 177
FRP-based (WSE)* 158.6 139.1 4.1 38,5  30.1 68.7 612.8 11004.3 20.9 24 39
Constrained (this work)  257.9  225.7 6.5 583 47.6 624.5 987.7 17720.3 33.0 4.0 6.1
GFASv1.0 - 17.8 1.0 9.5 156 88.7 196.3 3097.8 5.1 1.0 3.1
GFEDv3.0 - 3.5 0.2 1.7 32 4.1 39.4 701.6 1.1 0.2 6.4
GFEDv4.1s - 33.6 4.0 124 313 53.2 548.3 8519.7 16.7 22 117
Xia et al. (2016) 3502 3393 148 1378 - — 19899 49835.1 1343 226 -
* FRP-based (WSE): the OBB emissions were estimated with the FRP-based method, applying the same emission factors used in the bottom-up method. The emission
factors were obtained by weighting emission factors in the bottom-up method with the masses of various crop types.
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Figure 8. The contribution of OBB to PM( concentrations for different YRD cities during OBB events in June 2010 and 2012.

for 2012 would be larger than that for 2010. As the diffusion
condition for air pollutants at night was usually worse than
that during daytime, more OBB emissions at night would ele-
vate its contribution to particle pollution. In the actuality, the
supervision of OBB prohibition was usually conducted by
the government during daytime; thus some farmers burned
more crop residue at night to avoid the punishment. To im-
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prove the air quality in harvest season in the YRD, more at-
tention should be paid to the OBB restriction at night.

3.5 Uncertainty analysis
The uncertainties of OBB emissions estimated with bottom-

up and FRP-based methods were quantified by species using
a Monte Carlo simulation for 2012. A total of 20 000 simula-

Atmos. Chem. Phys., 19, 327-348, 2019



342

Huai An Xu Zhou
100 % 100 %
5% 5%
50 % 50 %
S NI
o FM, ; PM,, o PM, 5 PM,,
Yang Zhou
100 %

5%
50 %
25%
o« R mm

PM, , PM,,
Nan Jing
100 %

5%
50 %
25%
o IR —

FM, ; PM,,

He Fei
100 %

5%
50 %
2%
~ H m

PM, , PM,,

Ma Anshan
100 %

%
50 %
25%
o« 1R mm
PM, 4 PM,,

.Zhen Jiang

5%

50 %
2%
o« [ =m
PM2.§ PMIH
Wu Hu Chang Zhou
1:: 100 %
5%
50 %
“ o e
U PMy, My ox HE  mm
: PM, PM

2.5 0

100 %
5%
50 %
25%
0%

Su Qian

Lian Yungang

100 %
%%
50 %

Y. Yang and Y. Zhao: Biomass burning emissions in eastern China

- Tai Zhou

5%
50%
25%

Yan Cheng

5%

50 %
~ 0 |
0%

1

PM,;  PM, o F’ 5 PM PM o 5 g
Nan Tong
100 %
5%
50 %
25%
0% | —
PMI,ﬁ FMHI
Wu Xi
S 100 %
% 75%
“‘ ~g 50%
ey “‘ 2.5 ]
"“‘!*‘ ‘ > Shang Hai
) SIS -
I BTN ov
- &
R WA Tm o
A J S PM, , PM,,
L7 S R Su Zhou
\“ 100 %
= - 5%
,) r, so%
, & 2.;: - -
- PM, ; PM,,
Jia Xing
100 %
5%
50 %
25%
o | -—
- FMLS Ph‘lll
Hu Zhou Hang Zhou Shao Xing Ning Bo
100 % 100 % 100 %
5% 5% 5%
50 % 50 % 50 %
I — on EE ~w H m
PM25 F‘M|n PM1.5 PMID PMIE F‘MH‘I PM2_5 PM]n

Figure 9. The contribution of OBB to PM» 5 and PM( concentrations for different YRD cities during the OBB event in June 2014.

]
8

PM,, concentrations contributed by OBB (ug m'3)

Lianyungang

Yangzhou

Zhenjiang

Changzhou

I PE1
[

Shanghai
Hangzhou
Shaoxing

Figure 10. PM( concentrations contributed by OBB for different YRD cities on 8-14 June (PE1) and 22-28 June (PE2) 2012.

Atmos. Chem. Phys., 19, 327-348, 2019

www.atmos-chem-phys.net/19/327/2019/



Y. Yang and Y. Zhao: Biomass burning emissions in eastern China 343

~120

Mg m

100

(o] @
o o
1 1

PM,, concentrations contributed by OBB
8
1

c
<
=]
<
]
>
-
©

ar}

Il Diurnal variation of 2010
I Diurnal variation of 2012

©
c o
8 =) 5
) S
& s 2
= 5 ©
N T

Figure 11. PM( concentrations contributed by OBB for different YRD cities based on the diurnal variations of 2010 and 2012 on 8-14 June

2010.

tions were performed and the uncertainties were expressed as
95 % confidence intervals (CIs) around the central estimates.
The parameters contributing most to OBB emission uncer-
tainty were also identified according to their contribution to
the variance in Monte Carlo simulation.

For the traditional bottom-up method, parameters included
crop productions, percentages of CRBF, straw-to-grain ra-
tios, combustion efficiencies and emission factors. Crop pro-
duction was directly taken from official statistical yearbooks
(NBS, 2013) and its uncertainty was expected to be limited
and not included in the analysis. As the percentage of CRBF
was determined at half of the percentage of unused crop
residue, its uncertainty was set at —100 % to +100 %. The
combustion efficiencies were assumed within an uncertainty
range of 10 % around the mean value according to de Zarate
et al. (2005) and Zhang et al. (2008). Uncertainties of emis-
sion factors were obtained from original literatures from
which they were derived. If the emission factor was derived
from a single measurement, normal distribution was applied
with the standard deviation directly taken from that work.
If the emission factor was derived from multiple measure-
ments and the samples were insufficient for data fitting, uni-
form distribution was tentatively applied with a conservative
strategy to avoid possible underestimation of uncertainty: the
uncertainty range of the given emission factor would be ex-
panded according to Li et al. (2007) if the range originally
from multiple studies was smaller than that in Li et al. (2007).
Summarized in Table S16 was a database for emission fac-
tors and percentages of CRBF, with their uncertainties indi-
cated by a probability distribution function (PDF). As shown
in Table 4, the uncertainties of OBB emissions with the tra-
ditional bottom-up method for PM9, PM; 5, EC, organic
carbon (OC), CHy4, NMVOCs, CO, CO;, NO,, SO, and
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NHj3 in 2012 were estimated at —56 % to +70 %, —56 %
to +70%, —50% to +54 %, —54 % to +73 %, —49 % to
+58%, —48% to +59 %, —46% to +73 %, —48 % to
+60%, —47 % to +87 %, —59 % to +138% and —51%
to 467 %, respectively. For most species, the percentages
of CRBF contributed the most to the uncertainties of OBB
emissions, while emission factors were more significant to
SO; uncertainty.

For the FRP-based method, parameters included total
FRE, combustion conversion ratio and emission factors. Un-
certainty of total FRE was associated with the FRP value,
MODIS detection resolution and the methodology used
to calculate FRE per fire pixel. Indicated by Freeborn et
al. (2014), the coefficient of variation in MODIS FRP for
a fire pixel was 50 %, but it declined to smaller than 5 % for
the aggregation of over 50 MODIS active fire pixels. Given
the large number of fire pixels for in the YRD (more than
17000 in 2012), FRP was expected to contribute little to
uncertainty of total FRE and could thus be ignored. Due to
limitation of MODIS resolution and limited overpass times,
many fires could not be detected and the number of fire pix-
els could be underestimated by 300 % for crop-dominant ar-
eas (Schroeder et al., 2008); therefore the uncertainty of the
number of fire pixels was assumed to be 0 to +300 %. The
method used to calculate FRE based on a single fire pixel as-
sumed that fire lasted 1 day. Given the small cropland owned
by one farmer in the YRD, individual fire normally lasted
several hours, and FRE could be overestimated. As the total
FRE in the FRP-based method was estimated to be 2.6 times
larger than that from the constraining method based on the
same number of fire pixels, we tentatively assumed the un-
certainty range of FRE for 1 fire pixel to be 0 % to —72 %.
The uncertainty of total FRE was then estimated at —17 %
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Table 4. The uncertainties of OBB emissions in the YRD indicated as 95 % Cls and the top two parameters contributing most to emission
uncertainties based on traditional bottom-up and FRP-based methods for 2012. The percentages in the parentheses indicate the contributions

of the parameters to the variances of emissions.

Traditional bottom-up method

FRP-based method

PMjg —56 %, +70 % PCRBF}Anhui (42 %) —77 %, +274%  EF (76 %)
EFyheat (41 %) AF2 (11 %)
PMj 5 —56%, +70%  PCRBFaphyi (43 %) —63 %, +244%  EF (65 %)
EFyheat (41 %) NFP3 (16 %)
EC —50%, +54 %  PCRBFaphui (69 %) —78 %, +281 % EF (75 %)
PCRBFjjangsu (11 %) NFP (11 %)
oC —54%, +73%  PCRBFaphyi (42 %) —78 %, +276 %  EF (75 %)
EF}ice 37 %) NFP (11 %)
CHy —49 %, +58 %  PCRBFpphui (65 %) —83 %, +315% EF (79 %)
PCRBFjjangsu (11 %) NFP (9 %)
NMVOCs —48 %, +59 % PCRBFpphui (64 %) —63 %, +243%  EF (65 %)
PCRBFjjangsu (10 %) NFP (16 %)
CcO —46 %, +73%  PCRBFAphui (62 %) —52%, +223%  EF (57 %)
PCRBFjjangsu (10 %) NFP (19 %)
CO, —48 %, +60 %  PCRBFAphui (69 %) —21%, +164% NFP (44 %)
PCRBFjjangsu (10 %) AF (42 %)
NO, —47 %, +87%  PCRBFaphyi (51 %) —82%, +303% EF (78 %)
EFywheat (23 %) NFP (10 %)
SO, —59%, +138%  EFypheat (35 %) —78 %, +279%  EF (74 %)
PCRBF gy (27 %) NFP (12 %)
NH3 —51%, +67%  PCRBFaphui (55 %) —82%, +302%  EF (79 %)
EFwheat (12 %) NFEP (10 %)

| PCRBEF, the percentage of crop residue burned in the field (the subscript indicates province). 2 AF, the average FRE of
fire pixels. 3 NFP, the number of fire pixels. 4 MCRBEF, the mass of crop residue burned in the field.

to 4154 % (95 % Cls) based on the principle that total FRE
was calculated as the number of fire pixels multiplied by av-
erage FRE. The uncertainty of the combustion conversion
ratio was derived from Wooster et al. (2005) and Freeborn
et al. (2008), while that of emission factors was taken from
Akagi et al. (2011). As a result, uncertainties of the FRP-
based inventory were estimated at —77 % to +274 %, —63 %
to +244 %, —78 % to +281 %, —78 % to 276 %, —83 % to
+315%, —63 % to +243 %, —52 % to +223 %, —21 % to
+164 %, —82 % to 4303 %, —78 % to +279 % and —82 %
to 4302 % for PMj9, PM; 5, EC, OC, CH4, NMVOCs, CO,
CO,, NO,, SOy and NH3 in 2012, respectively. Emission
factors contributed most to the uncertainties of emissions for
all species except CO».

The uncertainty of constrained emissions could hardly be
provided by Monte Carlo simulation, as the results were as-
sociated with CTM performance. In general, CTM perfor-
mance could be influenced by emission estimates for sources
other than OBB, chemistry mechanism of CTM, and tempo-
ral and spatial distribution of OBB emissions. The emission
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inventory of anthropogenic sources that incorporates the best
available information of individual plants was expected to
improve the CTM performance at the regional or local scale
(Zhou et al., 2017b). The influence of the chemistry mech-
anism came mainly from secondary organic carbon (SOC)
modeling. According to the Cheng et al. (2014) and Chen et
al. (2017), the mass fraction of SOC to PMg could reach
10 % during the OBB event in the YRD, and that part might
not be well constrained with the approach we applied in this
work. Similar to the FRP-based method, moreover, tempo-
ral and spatial distribution of OBB emissions based on FRP
might not be entirely consistent with the reality, due to omis-
sion errors in the MODIS active fire detection products and
limited times of satellite overpass as discussed earlier. Due to
data limitation, finally, we relied on available PM1( concen-
trations in the current method. More data of multi-pollutant
concentrations (e.g., PM» 5, OC and EC) with sufficient tem-
poral and spatial resolution are greatly needed to better con-
strain the OBB emissions.
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In general, uncertainties of OBB emissions with the tradi-
tional bottom-up method were estimated to be smaller than
those with the FRP-based method, and uncertainties for CO,
and CO were usually smaller than other species in both
methods attributed mainly to fewer variations in their emis-
sion factors. OBB emission estimation with the traditional
bottom-up method could be improved if more accurate per-
centages of CRBF are obtained, and that with the FRP-based
method could be improved when the omission error of satel-
lites and the uncertainties of emission factors are reduced.
Efforts should also be made to improve the CTM for better
constraining the OBB emissions.

4 Conclusions

Taking the YRD in China as an example, we have thor-
oughly analyzed the discrepancies and their sources of OBB
emissions estimated with traditional bottom-up, FRP-based
and constraining methods. The simulated PMj( concentra-
tions through CMAQ with constrained emissions were clos-
est to available observation, implying the improvement of
emission estimation with this method. The interannual vari-
ations in emissions with FRP-based and constraining meth-
ods were similar to the fire counts, while that with the tradi-
tional bottom-up method was not. This indicated that emis-
sions with the traditional bottom-up method could not cap-
ture the real interannual trend in OBB emissions. The emis-
sions of all species except NMVOCs based on the traditional
bottom-up method might be overestimated in most years, at-
tributed mainly to the elevated percentages of CRBF used
in the method. The emissions with the FRP-based method
might be underestimated in 2005-2015, attributed to the
omission errors in the MODIS active fire detection products
and thereby to the underestimation in mass of CRBF. The CO
emissions with traditional bottom-up, FRP-based and con-
straining methods were compared with other studies. Simi-
lar temporal variations were found for the constrained emis-
sions, emissions based on the FRP-based method, and emis-
sions in GFASv1.0 and GFEDv4.1s. CO emissions based on
the traditional bottom-up method in both this work and other
studies were usually higher than those derived with the con-
straining method, and the CO emissions based on the FRP-
based method in both this work and other studies were usu-
ally lower than those derived with the constraining method.
It again demonstrated that the traditional bottom-up method
might overestimate OBB emissions in the YRD and the FRP-
based method might underestimate them. The contributions
of OBB to particulate pollution in typical episodes were ana-
lyzed using the BFM in CMAQ modeling. The OBB emis-
sions in 2012 were 51 % larger than those in 2010, while
their contribution to average PMg mass concentrations was
estimated to increase by 136 % from 2010 to 2012. This in-
dicated that the elevated contribution of OBB was not only
attributed to growth in OBB emissions but was also influ-
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enced by the meteorology. Quantified with a Monte Carlo
framework, the uncertainties of OBB emissions with the tra-
ditional bottom-up method were smaller than those with the
FRP-based method. The uncertainties of emissions based on
traditional bottom-up and FRP-based methods were mainly
from the percentages of CRBF and emission factors, respec-
tively. Further improvement on CTM for OBB events would
help better constrain OBB emissions.

Limitations remained in this study. Given the difficulty
in field investigation, annual CRBF used in the traditional
bottom-up method was obtained from limited studies and it
could not correctly reflect the real OBB activity. The reliabil-
ity of OBB emissions with the FRP-based method depended
largely on the detection resolution of the satellite. In the YRD
where the burned areas of individual fires were small, many
fires could not be detected by MODIS. The accuracy of con-
strained emissions depended largely on model performance
and spatial and temporal distributions of OBB emissions de-
rived from satellite-observed FRP. Therefore FRP-based and
constraining methods may be improved if more reliable fire
information is obtained. In addition, more measurements on
local emission factors for OBB are suggested in the future to
reduce the uncertainty of emissions.
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