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Crop residue burning (CRB) is a major contributor to air pollution in China. Current fire detection
methods, however, are limited by either temporal resolution or accuracy, hindering the analysis of CRB's
diurnal characteristics. Here we explore the diurnal spatiotemporal patterns and environmental impacts
of CRB in China from 2019 to 2021 using the recently released NSMC-Himawari-8 hourly fire product.
Our analysis identifies a decreasing directionality in CRB distribution in the Northeast and a notable
southward shift of the CRB center, especially in winter, averaging an annual southward movement of 7.5�.
Additionally, we observe a pronounced skewed distribution in daily CRB, predominantly between 17:00
and 20:00. Notably, nighttime CRB in China for the years 2019, 2020, and 2021 accounted for 51.9%,
48.5%, and 38.0% respectively, underscoring its significant environmental impact. The study further
quantifies the hourly emissions from CRB in China over this period, with total emissions of CO, PM10, and
PM2.5 amounting to 12,236, 2,530, and 2,258 Gg, respectively. Our findings also reveal variable lag effects
of CRB on regional air quality and pollutants across different seasons, with the strongest impacts in
spring and more immediate effects in late autumn. This research provides valuable insights for the
regulation and control of diurnal CRB before and after large-scale agricultural activities in China, as well
as the associated haze and other pollution weather conditions it causes.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Crop residue burning (CRB) is considered the fourth largest type
of biomass combustion worldwide and a significant source of air
pollutants (including gaseous pollutants and particulate matter)
and greenhouse gases [1e3], which poses a serious threat to air
quality [4,5] and climate change [6e8]. More importantly, toxico-
logical studies revealed that compared with aerosols generated
from fossil fuels, pollution particles emitted from biomass pre-
sented greater toxicity [8]. Meanwhile, pollutants emitted by CRB
present notable lagging effects and may last for days, causing long-
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term impacts on local air quality and the public's exposure risk [9].
In this case, airborne pollutants from CRB increase local mortality
rates and pose substantial threats to public health through direct
and indict means [10e12]. For instance, from 2003 to 2019, CRB
caused 44,000e98,000 particulate matter exposure-related pre-
mature deaths and a total loss of 3.2 billion US dollars in India [13].
A study from China revealed that a 10 mg m�3 increase in PM2.5
emitted by CRB increases monthly mortality by 3.25% [14].

As the world's largest grain-producing and crop residue surplus
country [11,15,16], CRB has become one major approach to pro-
cessing crop residues in China. With the release of the national
“Clean Air” action in 2013, specific regulations have been released
to reduce CRB. Nevertheless, CRB spots continued to rise annually
until 2015 [17]. With a stricter implementation of regulation
measures, the prevalence of CRB in China declined significantly in
recent years [18], yet massive CRB remained, resulting in the
discharge of megatons of airborne pollutants into the atmosphere
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[9]. To better understand the characteristics of CRB and implement
regulation measures accordingly, increasing studies have been
conducted on the spatiotemporal distribution [19] and environ-
mental effects [20] of CRB in China.

Despite an improved understanding of CRB in China, major
limitations remained. The monitoring of CRB is mainly realized
based on a diversity of remote sensing data, the efficiency and
reliability of which are subject to the spatiotemporal resolution and
accuracy of the data sources employed. Currently, the commonly
employed active fire products that can be used for monitoring CRB
in China include VIIRS (Visible Infrared Imaging Radiometer Suite)
daily, MODIS (Moderate-Resolution Imaging Spectroradiometer)
daily, and JMA-Himawari-8 hourly fire products. Specially, VIIRS
fire products are of the highest spatial resolution (375m), so it has a
strong capability for capturing small-scale fires [21]. MODIS fire
products presented a long-time series and are thus widely
employed for investigating long-term variations of CRB. However,
as we know, CRB lasts a relatively short period, ranging from mi-
nutes to hours [22]. Therefore, the daily frequency leads to massive
missed identification of fires. Since the passing time for both VIIRS
and MODIS in China is around 10:30 and 13:30, nighttime CRB
cannot be detected, causing a largely biased understanding of CRB
in China. Farmers in China used to burn crop residues in the day-
time. After the release of CRB-related regulations, nighttime CRB
has increased dramatically [23]. Currently, the JMA-Himawari-8 is
the sole hourly fire product available. Yet, this product is compro-
mised by a large amount of false fire information and holds a low
overall accuracy in China [24,25]. Consequently, this limitation
hinders a comprehensive analysis of the diurnal characteristics of
CRB in China.

In addition to the difficulty in accurately identifying CRB,
calculating the pollutant emissions from CRB is also subject to
many limitations. Traditional methods for estimating pollutant
emissions from CRB mainly rely on statistical and survey data
[26,27]. These approaches involve multiple statistical data, such as
crop yields and conversion rates, with specific Emission Factors
(EFs) to estimate emissions of different pollutants [28]. While
reliable under conditions of abundant data, these approaches face
several limitations. Firstly, it requires a substantial amount of
manpower, material resources, and financial resources to collect
the necessary reference data. Secondly, regions usually employ
different statistical indicators, challenging data integration [29].
Thirdly, the delayed release of field-collected statistics, often by
1e5 years, limits the timeliness and relevance of the data [30].
Advances in satellite observation have provided an alternative
approach for real-time estimation of CRB pollutant emissions. A
widely adopted strategy involves estimating emissions based on
satellite-derived fire radiative energy (FRE) [31,32]. However, due
to different agricultural planting areas in China, using one fixed EFs
to estimate CRB pollutant emissions nationwide can cause signifi-
cant errors [33,34].

To address this issue, we employed our recently released hourly
NSMC-Himawari-8 fire product [25], offering superior spatial and
temporal resolution and enhanced accuracy compared to the JMA-
Himawari-8 product. This approach was adopted to deepen our
understanding of China's CRB, especially the inter-annual variations
of daytime and nighttime CRB and its potential environmental ef-
fects. Firstly, we revealed the spatial distribution of CRB in China
between 2019 and 2021 at seasonal and diurnal scales. Next, a
method based on FRE and regional EFs was employed to estimate
the emissions of three major pollutants (CO, PM2.5, and PM10),
focusing on the differences between daytime and nighttime emis-
sions. Finally, we analyzed the lagging effects of CRB on the regional
air quality. This research provides a new vision to evaluate the
spatiotemporal variations of daytime and nighttime CRB in China
2

and sheds light on better monitoring CRB and implementing
management measures accordingly.
2. Data and methodology

2.1. Data sources

2.1.1. NSMC-Himawari-8 hourly fire product
NSMC-Himawari-8 hourly fire product (https://doi.org/10.6084/

m9.figshare.21550248) was released specifically to better identify
fires in China. Based on the original Himawari-8 satellite data
(https://www.eorc.jaxa.jp/ptree/), this fire product employed dy-
namic fire-identification thresholds, more effectively identifying
fire spots in China. Furthermore, according to two specific ground
thermal-source databases, most false fire pixels in the JMA-
Himawari-8 were effectively removed. Therefore, the overall ac-
curacy for NSMC-Himawari-8 hourly fire products in China reached
80%, much higher than the original JMA-Himawari-8 fire product
(54%). If those omission errors caused by the system resolution
limitations were not considered, the overall accuracy for the NSMC-
Himawari-8 hourly fire product reached 84%, compared with 59%
for the JMA-Himawari-8 fire product. The NSMC-Himawari-8 fire
product is advantageous in its hourly temporal resolution, facili-
tating continuous daytime and nighttime detection of CRB. The
spatial resolution for the NSMC-Himawari-8 fire product is 0.02�,
providing fire information such as geographic location, fire area,
fire radiative power (FRP), and the number of fire pixels. To extract
CRB pixels from the entire fire sets, we utilized an underlying
surface file from Land cover classification gridded maps (ESA
Climate Change Initiative, https://doi.org/10.24381/cds.006f2c9a).
This map includes several surface types, such as cropland, tree
cover, and grassland, and boasts an overall accuracy of 90%. It
served as a farmlandmask to clip CRB pixels from overall fire pixels.
Since Himawari-8 fire datawere available in late 2018, this research
employed NSMC-Himawari-8 fire products from 2019 to 2021 to
extract hourly CRB pixels across China.
2.1.2. Airborne pollutant data
The CHAP dataset (https://weijing-rs.github.io/product.html)

was used to investigate the lagging effect of CRB on air quality.
CHAP, which is generated from big data (e.g., ground measure-
ments, satellite remote sensing products), atmospheric reanalysis,
model simulations, and artificial intelligence, offers long-term, fully
covered, and high-resolution information on the spatiotemporal
heterogeneity of multiple airborne pollutants [35]. For this study,
we collected daily concentration data on CO, PM2.5, and PM10 with a
spatial resolution of 10 km and respective cross-validation co-
efficients (CV-R2) of 0.80, 0.90, and 0.86 [36].
2.2. Methodology

2.2.1. Spatiotemporal distribution of CRB
To reveal the density distribution of CRB during different sea-

sons from 2019 to 2021, we established a fishing net with a size of
0.2� � 0.2� covering the entirety of China. Next, to comprehensively
analyze the spatiotemporal variations in the distribution of CRB
from 2019 to 2021, we employed standard deviation ellipse (SDE)
and median center (MEC) analysis. SDE is commonly used to
analyze the spatial distribution and range changes of fire spots [37].
MEC is an iterative algorithm used to determine the center position
of spatially dense phenomena [38], such as fire spots in this
research (details of SDE and MEC are seen in Text S1 in Supple-
mentary Materials).

https://doi.org/10.6084/m9.figshare.21550248
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2.2.2. Estimation of CRB emissions
Inspired by previous studies [39] we addressed this issue by

dividing the country into seven regions according to geographical
location, crop types, and biomass-burning characteristics. Adopting
unique pollutant EFs for each region can largely avoid the estima-
tion uncertainties.

We followed the method proposed by Xu et al. (2022) [39] and
used the equation (1) to calculate the CRB emissions based on the
EFs of three pollutants and FRE:

Ei ¼
X

j;t;m

�
FREj;t;m � EFi;j

�
(1)

where Ei means the CRB emissions for the ith pollutant (unit: g).
FREj;t;m represents the tth hourly FRE of the mth grid (2 km) in the
jth region (unit: MJ). EFi;j represents the emission factors for the ith
pollutant in the jth region (unit: g MJ�1). All data were resampled
into a 2 km � 2 km grid, which matched the spatial resolution of
the NSMC-Himawari-8 fire product.

As shown in equation (2), FRP observations during the obser-
vation interval (1 h) were integrated to estimate FRE (assuming a
flat FRP-emissions profile) in one fire pixel [40]:

FREj;m ¼ FRPj;m � 60 min� 60 sec (2)

where FRPj;m represents the FRP of the mth grid in the jth region
(unit: MW).

A reverse correction was required for the EFs of different pol-
lutants based on the NSMC-Himawari-8 fire product [39]. To
calculate accurate EFs based on VIIRS data, Xu et al. (2022) [39] built
63 regression models for historical pollutant emissions and the FRE
to determine the relationship between combustion duration and
peak FRP. Due to the system differences between VIIRS and
Himawari-8/AHI, there is a fixed system bias in FRP for the same fire
monitored by the two sensors. By counting the cumulative FRP of a
large number of fires monitored by VIIRS and Himawari-8 from
2016 to 2019 across regions, we acquired our adjusted correction
parameters (a) in equation (3), to calculate the FRE and EFs based
on Himawari-8:

aj ¼
FRPH;j

FRPV;j � FRPH;j
(3)

where aj stands for the correction coefficient. FRPV;j and FRPH;j
stands for the cumulative FRP of VIIRS and Himawari-8 in the jth
region, respectively (see Table S1).

Finally, EFs (as shown in Fig. S1) of different pollutants in each
region based on NSMC-Himawari-8 fire product was obtained by
adjusting the EFs calculated by Xu et al. (2022) [39] according to the
correction coefficient in equation (4):

EFi;j ¼aj � EF Xui;j (4)

where EF Xui;j (see Table S2) represents the emission coefficients
calculated by Xu et al. (2022) [39].

2.2.3. Calculation of day-night time
We utilized Python's Astral library (https://pypi.org/project/

astral/) to calculate daily sunrise and sunset times for the region
where the CRB occurred. Based on their respective locations and
detected time, we could determine whether the CRB occurred
during the daytime or nighttime. In cases where a CRB spanned two
combustion stages, we assigned it to the stage with the longer
duration. This approach could reveal the spatiotemporal distribu-
tion and their emissions of daytime and nighttime CRB, which has
rarely been compared before.
3

2.2.4. Analysis of the lagging effects of CRB emissions on airborne
pollutants

In general, pollutants emitted by biomass burning contribute
approximately 9.7e55.5% [41] to the concentration of airborne
pollutants, which is a relatively small and uncertain proportion
compared to other sources such as industry and vehicle exhaust [2].
To identify the lagging effect of CRB emissions on airborne pollut-
ants, it is key to select a region with a high number of CRB [42] so
that the relative contribution of CRB can be highlighted. To this end,
we chose Heilongjiang Province, a major grain-producing province
with the highest annual amount of CRB in China [43,44], as the case
study.

Previous studies show an approximate 1e3 days lagging effect
between the CRB and the affected PM2.5 concentration, based on
the qualitative interpretation of the simultaneous variation trend of
CRB and PM2.5 concentration [9,45]. However, no quantitative ev-
idence is available for determining amore precise description of the
lagging effects of CRB on major airborne pollutants. Therefore, we
first quantitatively determined the lagging effects of different pol-
lutants emitted by CRB through correlation analysis. Specifically,
we conducted a correlation analysis between the daily emissions of
three pollutants emitted by CRB and the daily pollutant concen-
tration data with different time lags (0, 1, 2, and 3 days later). The
acquired correlation coefficients and significance levels provide a
useful reference to determine the lagging effects of CRB on regional
air quality.

3. Results

3.1. Spatiotemporal distributions of CRB

3.1.1. Diurnal variation
Based on the NSMC-Himawari-8 fire product, we revealed the

hourly distribution pattern of CRB in China from 2019 to 2021. As
shown in Fig. 1, the peak of CRB occurred at 18:00 in 2019, 20:00 in
2020, and 19:00 in 2021. Additionally, the daily number of CRB
displayed a distinct skewed distribution, mainly concentrated be-
tween 17:00 and 20:00. Notably, the number of CRB spots within
the 3 h accounted for 35.8% of the entire day, indicating that
farmers had become more inclined to burn crop residue later in the
day.

As shown in Fig. 2a, the total annual number of CRB spots
consistently declined from 51,262 in 2019 to 28,773 by 2021. Spe-
cifically, the proportion of nighttime CRB across China in 2019,
2020, and 2021 was 51.9%, 48.5%, and 38%, respectively, indicating
nighttime CRB, which exerted an even more severe emission in-
fluence, remained a major environmental issue. To our knowledge,
no research has quantitatively revealed such a large proportion of
nighttime CRB across China. Despite the lack of quantitative evi-
dence, we could further presume that nighttime CRB across China
could largely outnumber daytime CRB before 2019, majorly to avoid
strict daytime environmental inspection. On the other hand, the
simultaneous declining trend of the total number of CRB and the
proportion of nighttime CRB from 2019 to 2021 suggested that
environmental inspection, especially the increased nighttime in-
spection, had achieved notable effects on the management of CRB
across China.

At the regional scale, as shown in Fig. 2beh, we found that,
except for the northeast, the number of daytime CRB was notably
larger. The possible reason for this was that northeast China
experienced a majority of CRB in China. Thus, the environmental
inspection was the strictest here, leading to most daytime CRB
moving to nighttime. As a comparison, CRB in other regionswas not
that intense, and thus, local inspection was relatively loose, leading
to a larger proportion of daytime CRB. While a downward trend of

https://pypi.org/project/astral/
https://pypi.org/project/astral/


Fig. 1. The hourly distribution of CRB spots from 2019 (a), 2020 (b), and 2021 (c).

Fig. 2. The number of the total daytime and nighttime CRB spots in different regions:
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CRB (both daytime and nighttime) was maintained in most regions,
and an unexpected increase of CRB was observed in eastern,
southeastern, and southwestern China in 2020 or 2021, which
required sufficient emphasis.
the whole China (a), the northeast (b), the north (c), the central (d), the east (e), the
southeast (f), the southwest (g), and the northwest (h).
3.1.2. Seasonal variation
Fig. S2 presents the distribution of CRB density in different

seasons, suggesting that CRB is primarily concentrated in spring
(MarcheMay) and winter (DecembereFebruary). As explained
above, farmers in China usually burn crop residues shortly after the
autumn harvest, leading to severe local and even regional pollution
episodes [46]. However, with the strict implementation of envi-
ronmental inspection, especially in late autumn, they tended to
postpone CRB to latewinter (beyond the designated periods of burn
prohibition) so that the common CRB peak in late autumn gradually
shifted to winter across China.

In spring, most CRB was found in the northeast, particularly at
the border of Heilongjiang, Jilin, and Nei Mongol. Many grid units
(0.02�) exhibited a total number of fire spots exceeding 50, sug-
gesting an extreme concentration. Additionally, the springtime CRB
was also widely distributed in Yunnan, Sichuan, and Guizhou and
mainly concentrated in March and April, as shown in Table S3,
accounting for approximately 90e95% of total spring CRB. The
primary purpose of CRB during this period was to clean the farm
and kill pest eggs before spring plowing. Amongst the four seasons,
the number of CRB spots was the lowest in summer, mainly
aggregated in Henan, Shandong, and Jiangsu provinces, with most
grid units containing CRB spots ranging from 1 to 10. In the past,
4

summer was a major period for CRB, particularly in provinces such
as Shandong and Henan, where the maturation of the summer
wheat harvest necessitated a rapid clearing for following agricul-
tural practices. However, with the proliferation of comprehensive
straw utilization techniques in these regions (the off-field utiliza-
tion rate of crop straws reached 33.4%), the number of CRB has
reduced significantly [47]. The number of CRB spots in autumnwas
significantly higher than in summer and was mainly concentrated
in the northeast, followed by the southeast and central. This major
CRB period coincided with the end of the national autumn harvest,
with abundant crop residues. Although CRB was strictly prohibited
during this period, some farmers secretly burned crop residues on
farms. Winter CRB was mainly found in central and southern, with
most grid units containing less than 20 CRB spots. As an exception,
in winter 2019, CRB was highly concentrated in the northeast, ac-
counting for approximately 70% of the national CRB in 2019. This
extreme burning period may be primarily attributed to the delay of
the autumn harvest burning period. Due to the stricter prohibition
of CRB in the northeast in autumn, massive crop residues, which
had not been processed promptly after the autumn harvest, were
intensely burned in winter.



Fig. 3. The regional and diurnal variability in pollutants emitted by CRB. aec, The regional and diurnal variations in the emission of PM2.5 (a), PM10 (b), and CO (c) due to CRB
combustion. The red dotted lines represent the total annual emissions of pollutants emitted by the corresponding CRB. d, The number of CRB spots nationally and in northeast China
differentiated between nighttime and daytime occurrences.
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Moreover, through the MEC and SDE analysis of CRB over the
three years, we observed a distinct southward shift in the distri-
bution center of CRB, particularly during the winter season, with
the center moving on average 7.5 degrees southward annually.
Fig. S3 displays the spatial variations of MEC and SDE of CRB from
2019 to 2021. The geographical location of MEC reflected the
change in the distribution center of CRB, while the short axis and
oblateness of SDE represented the distribution range and direc-
tionality of CRB, respectively. Overall, the directionality of CRB
distribution in spring exhibited the strongest pattern, characterized
by the highest flattening of SDE. The distribution range of CRB in
autumnwas the broadest. Between 2019 and 2021, the MEC of CRB
in spring and summer was concentrated in Jilin and Henan prov-
inces, respectively. In autumn, CRB demonstrated a slight south-
ward shift, while inwinter, the southward displacement of CRB was
more pronounced, with an average annual southward shift of 7.5
degrees in the distribution center. The MEC and SDE analysis
revealed that due to the strictest CRB restriction in northeast China,
where CRB was most severe, CRB in northeast China reduced
gradually, and the proportion of CRB in the southern part of China
has increased notably in the past three years.

This suggests a change in the spatial distribution pattern of CRB
across the country. Despite the still considerable proportion of CRB
in the northeast region year-round, the concentration trend in this
region has shown a declining sign. This is majorly attributed to the
long-term implementation of strict CRB in this region.
Table 1
The airborne pollutants (unit: g spot�1) emitted by each CRB.

Years Pollutants Daytime Nighttime

2019 PM2.5 18076121.65 23244189.38
PM10 20194677.48 25930163.06
CO 98724691.61 124632392.47

2020 PM2.5 19468425.83 21745343.98
PM10 21693063.54 24175604.77
CO 105898217.17 116533956.26

2021 PM2.5 15546395.42 14612038.25
PM10 17809280.30 16566240.72
CO 85844332.27 79458711.32

Average PM2.5 17696980.97 19867190.54
PM10 19899007.11 22224002.85
CO 96822413.68 106875020.02
3.2. Estimation of CRB emissions

Based on the calculated regional emission factors and fire
radiative energy, we estimated the hourly emissions of three pol-
lutants (PM2.5, PM10, and CO) caused by CRB in China from 2019 to
2021. As demonstrated in Table S4, total CO emissions were the
highest among the three pollutants, reaching a cumulative emis-
sion of 12,236 Gg over the three years, followed by 2,530 Gg of PM10

and 2,258 Gg of PM2.5. The overall emissions decreased significantly
over the past three years, along with the decreased number of total
CRB spots. Specifically, total PM2.5 emissions for 2019, 2020, and
2021 were 1,064, 757, and 437 Gg, respectively. The total PM10

emissions for the same period were 1,188, 843, and 499 Gg, while
CO emissions were 5,750, 4,087, and 2,399 Gg. The average annual
reduction of the three pollutants was around 30%.

At the regional scale, we calculated the proportions of the three
pollutants across major regions (seven areas). We found that
emitted pollutants in northeast China took a dominant proportion
in 2019, approximately 86.6% for PM2.5, 87.8% for PM10, and 87.5%
5

for CO (Fig. 3). Although the proportions decreased annually,
emissions in northeast China still accounted for 77.6% (PM2.5),
80.0% (PM10), and 77.9% (CO) in 2021. As shown in Fig. 3d, the
number of CRB spots in the northeast constituted about 70% of the
national CRB for three years, peaking at 75% in 2019. Meanwhile,
CRB-induced emissions were also relatively large in the southeast
and southwest, while the northwest contributed the lowest
emissions.

From the diurnal perspective, over the three years, total night-
time CO, PM10, and PM2.5 emissions reached 6,262, 1,302, and
1,165 Gg, respectively (as shown in Table S4). During the daytime,
total CO, PM10, and PM2.5 emissions reached 5,974, 1,227, and
1,092 Gg, respectively. While the total count of nighttime CRB spots
(55,377) was notably smaller than that of daytime CRB (61,464), the
total emission from nighttime CRB was 5% larger than that of
daytime CRB. This suggested that due to the generally stagnant
meteorological conditions at night [48], nighttime CRB causes more
intense effects on local air quality [49]. Noticing this, China's
monitoring of nighttime CRB has been enhanced accordingly. From
2019 to 2021, nighttime emissions of the three pollutants gradually
decreased. In 2019, daytime emissions only contributed 42% of the
total CRB emissions. By 2021, daytime emissions constituted 63% of
the total emissions, suggesting the trend of secret nighttime CRB in
China had been specifically controlled.

As shown in Table 1, from 2019 to 2021, the average amount of
pollutants emitted per nighttime CRB was notably higher than that
of daytime CRB. Specifically, each nighttime CRB was associated
with more pollutant emissions compared to daytime CRB, higher
than daytime CRB by approximately 2,170,209 g of PM2.5,
2,324,995 g of PM10, and 10,052,606 g of CO. However, this trend
changed in 2021, when per nighttime CRB emission of the three
pollutants was slightly less than per day CRB emissions by



Fig. 4. The lagging times of three pollutants in three combustion periods. Each column in the figure represents different combustion periods, while each row denotes the lagging
effect of a particular pollutant. The correlation matrix comprises five variables, including the concentrations of pollutants at four lagging times and the corresponding pollutant
quantity emitted by CRB. aec, The lagging effects of CO during JaneFeb (a), MareApr (b), and OcteNov (c). def, The lagging effects of PM10 during JaneFeb (d), MareApr (e), and
OcteNov (f). gei, The lagging effects of PM2.5 during JaneFeb (g), MareApr (h), and OcteNov (i). Pearson correlations at different lagging times are shown in the correlation matrix:
*P < 0.05, **P < 0.01, and ***P < 0.001. The final result is the average value after 10,000 bootstraps using the “block bootstrap” resampling technique.
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approximately 934,357 g of PM2.5, 1,243,040 g of PM10, and
6,385,621 g of CO. We also conducted a monthly analysis of CRB
emissions in 2021, as shown in Table S5, in April, when CRB was
most concentrated throughout the year (accounting for approxi-
mately 37% of the total CRB spots), the nighttime emissions of the
three pollutants were still significantly higher than daytime
emissions.

To explore the causes of the difference between daytime and
nighttime CRB emissions, we analyzed the average fire area and FRP
information from the NSMC-Himawari-8 fire products, which were
the major influencing factors for CRB emissions. While FRP for
daytime CRB was usually larger than that of nighttime CRB due to
stronger solar radiation and surface temperature [50], the average
fire area per nighttime CRB was relatively larger due to such
environmental factors as reduced fuel moisture, cooler tempera-
tures, and radiation temperature inversions at night [51], which
surpassed the impact of the lower FRP (Fig. S4). More importantly,
6

due to generally loosened inspection in the nighttime, farmers
were more likely to conduct CRB, while daytime CRB was secretly
conducted at a smaller site. With stricter inspection in past years,
not only the frequency but also the average area of nighttime CRB
decreased notably, leading to the average fire area and emission per
nighttime CRB being smaller than that of per daytime CRB in 2021.

In conclusion, with the increased awareness of the stronger
influence of nighttime CRB, a growing emphasis has been placed on
the reduction of nighttime CRB across China, which led to the
reduced frequency and burning area of nighttime CRB, and thus, the
mitigated influence of CRB on pollutant emissions.

3.3. Lagging effects of CRB on regional air quality

By analyzing the daily emissions of CRB-induced pollutants and
the concentration of daily PM2.5, PM10, and CO in Heilongjiang
province from 2019 to 2021, we calculated the correlation



Fig. 5. Comparisons of CO emissions of CRB between other studies and this study.
GFEDv4.1s and FINNv1.5 are based on MODIS fire products. Our study derives from the
NSMC-Himawari-8 fire product. Outputs from Hong et al. (2022) [40] are based on the
JMA-Himawari-8 fire product. Outputs from Xu et al. (2022) [39] are based on JMA-
Himawari-8 and VIIRS fire products.
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coefficient between CRB and the concentration of daily PM2.5, PM10,
and CO with the delay of 0, 1, 2 and 3 days during three concen-
trated CRB periods: January to February (winter), March to April
(spring), and October to November (winter), to quantify the lagging
effects of CRB on regional air quality.

As shown in Fig. 4, from January to February, the correlation
coefficients between PM2.5, PM10, and CO emitted by CRB and
regional pollutant concentration with the lag of one day were the
largest, with R of 0.829 (P < 0.001), 0.81 (P < 0.001), and 0.69
(P < 0.001), respectively. From March to April, the correlation co-
efficients between CO and PM10 emitted by CRB and the pollutant
concentrationwith the lag of three days were the highest, with R of
0.44 (P < 0.001) and 0.70 (P < 0.001), respectively. The correlation
coefficient between PM2.5 emitted by CRB and the pollutant con-
centration with the lag of 0 days was the highest, with R of 0.44
(P < 0.001). From October to November, the correlation coefficients
between the three pollutants emitted by CRB and the pollutant
concentrationwith the lag of 0 days were the highest, with R of 0.37
(P < 0.01), 0.50 (P < 0.01), and 0.42 (P < 0.01), respectively. Overall,
the lagging effect of CRB was the strongest in the period between
March and April and weakest in the period from October to
November. The weak lagging effects of CRB emissions on PM2.5
concentrations in late autumn suggested CRB emitted pollutants
after the autumn harvest in the northeast region could be trans-
ported to a large region and explained why CRB after the autumn
harvest immediately led to several regional and even national
pollution episodes in 2015 and 2016 [52]. Yin et al. (2019) explored
the sources of significant PM pollution events in northeast China in
late 2015. Their detailed analysis using a Lagrangian transport
model linked CRB in Heilongjiang Province directly to two major
November smog events, providing theoretical support for our
results.

The large variations of the lagging effects may be caused by the
following reasons. Wind speed and temperature are primary
influencing factors for the notable seasonal variations. Different
from the strong wind in October and November, the wind speed in
Heilongjiang in March and April, at around 2e3 levels, is much
weaker than in other seasons [53], and not favorable for horizontal
pollutant dispersion [54]. Concurrently, the ground temperature in
Heilongjiang during this period remains very low at night, easily
leading to the formation of nighttime temperature inversions and
the limited dispersion of CRB-emitted pollutants [55,56]. These
combined factors resulted in the notable lagging effect of CRB on
regional air quality in March and April.

4. Discussion

4.1. Limitations and related studies

While this research provides a comprehensive and new under-
standing concerning the spatiotemporal variations of diurnal CRB
and its environmental effects from 2019 to 2021 based on the new
NSMC-Himawari-8 hourly fire product, some limitations remain.
Firstly, due to sensor limitations, although Himawari-8 presented
an extremely high-temporal resolution, its monitoring capability
for small-scale fires was limited by its spatial resolution of 2 km
[57]. Due to themissed identification of small CRB, the total amount
of CRB and its related emissions remain underestimated. Secondly,
the EFs for CO and PMwere calculated based on laboratory data and
statistical models from previous studies, which contain un-
certainties [39]. The reduction of these uncertainties relies on the
future availability of advanced fire products with hourly temporal
resolution and improved spatial resolution.

We compared our emission estimation outputs in 2020 with
some relevant studies [34,58], including GFEDv4.1s (Global Fire
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Emission Database, https://www.globalfiredata.org/), FINNv1.5
(NCAR Fire Inventory, https://www.acom.ucar.edu/Data/fire/),
findings from Hong et al. (2022), and Xu et al. (2022). As shown in
Fig. 5, the estimated CO emission in our study was 2.6 times that
from GFEDv4.1s and 1.9 times that from FINNv1.5. Since these two
global datasets mainly used MODIS daily global fire products,
which led to massive missed CRB outside the overpass time [59],
their results naturally presented severe underestimation.
Conversely, outputs from Hong et al. (2022) and Xu et al. (2022)
were 1.6 and 2.1 times our estimates, respectively. This was because
their datasets were mainly based on VIIRS and JMA-Himawari-8
fire products, which included a substantial number of interfer-
ence sources and thus caused a severe overestimation of CRB-
induced emissions [60]. Despite a large inconsistency between
these outputs, we can conclude that our estimation output lay in a
reasonable range, given the resolution advantage and improved
accuracy of NSMC-Himawari-8 fire products compared withMODIS
and JMA fire products.

This study, spanning 2019 to 2021, identified three primary
periods of CRB in China: spring, autumn, and late winter. There was
a substantial shift in China's annual CRB pattern compared to
before 2018, characterized by the disappearance of summer com-
bustion periods and the emergence of late winter combustion pe-
riods [61]. Consistent with our result, Yin et al. (2021) found a sharp
decline in the average FRP of CRB during the 2018 summer. Zhang
et al. (2020) revealed a burning period (NovembereDecember) in
late autumn and early winter from 2012 to 2015 [57], whichmay be
caused by the strict implementation of residue-burning bans dur-
ing the autumn post-harvest season. Our research indicates a
further delay in this burning period to late winter (JanuaryeFeb-
ruary), possibly due to a stricter burning ban. In addition, we found
that CRB exhibited a southward shift trend, especially during
winter. This shift was most pronounced in the winter, with an
average annual southward shift of 7.5� in the distribution center.
We also discovered that daily CRB was primarily concentrated in
the evening (17:00e20:00), exhibiting a skewed distribution.

Previous studies suggested that PM2.5 concentrations peak
several days after the peak of CRB [9,42]. However, these in-
vestigations only analyzed the correlation between airborne
pollutant concentrations and the number of CRB spots without
attributing them to the CRB-induced emission of different pollut-
ants and specifically identifying the difference in lagging effects
across seasons and pollutants. Based on the NSMC-Himawari-8 fire
product and the estimated CRB emissions, this research revealed
that for Heilongjiang Province, where CRB was the most frequent
and severe across China, the lagging effects of CRB on airborne
pollutants was strongest in spring, and CRB was more likely to

https://www.globalfiredata.org/
https://www.acom.ucar.edu/Data/fire/
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present immediate influence on regional air quality in late autumn.
Meanwhile, the lagging effect of CRB on PM2.5 concentrations was
weakest, which explained why CRB in Heilongjiang Province used
to cause regional or even national haze episodes.

4.2. Implementations

Given the more destructive potential of nighttime wildfires, our
study investigated the diurnal differences in CRB emissions, which
has rarely been investigated before. The results revealed that, on
average, each nighttime CRB was associated with more pollutant
emissions than daytime CRB, higher than daytime CRB by approx-
imately 15 Gg of three pollutants (PM2.5, PM10, and CO). Moreover,
our findings suggested that increased emissions from nighttime
CRB resulted from a larger combustion area. With a stricter
implementation of the CRB ban, the frequency and combustion area
of nighttime CRB decreased significantly, making the average
emission per nighttime CRB close to or even smaller than per
daytime CRB. The recent variation of characteristics of nighttime
CRB emissions in China highlighted the urgency and importance of
all-day CRB inspections, especially during the late autumn, when
CRB ismore likely to further deteriorate already polluted air quality.
This signals to regulators the necessity for leveraging geostationary
satellites to enhance nighttime CRB regulation.

This research also highlighted changes in the spatiotemporal
distribution of CRB. The significant southward shift of the CRB
distribution center indirectly reflected a successful CRB control in
northeast China, while future regulations of CRB in the south
require further attention. Meanwhile, according to the skewed
daily distribution of CRB, which is majorly concentrated between
18:00 and 20:00, increasing efforts should be placed on environ-
mental inspection during this period.

Based on reliable hourly NSMC-Himawari-8 fire products and
the estimation model for FRE and EFs, we calculated the total
emissions of CRB in 2020. Compared with the outputs from
GFEDv4.1s and FINNv1.5 based on daily or monthly sources, our
estimation was much larger, suggesting CRB emissions could be
largely underestimated with a daily frequency. Therefore, although
this research did not provide a global estimation, it suggested that
the existing global CRB emissions based on commonly employed
global data sources GFEDv4.1s and FINNv1.5 were largely under-
estimated and should be further estimated based on the future
availability of global hourly fire products.

4.3. Future work

To further address the underestimation of smaller fires, improved
CRB identification may be achieved by the fusion of polar orbit sat-
ellites and geostationary satellites, including but not limited to Terra,
Aqua, National Oceanic and Atmospheric Administration 20 (NOAA-
20), FengYun-4A (FY-4A), FengYun-4B (FYe4B), and Himawari-8/9
satellites. This integration aims to comprehensively improve the
spatiotemporal resolution to reduce omission errors of CRB. Mean-
while, due to the large variations in the meteorological conditions
and crop types, EFs of CO and PM vary across regions. Presently, there
is a lack of research focused on the region-specific calculation of EFs.
Thus, estimating CRB emissions at the national scale based on the
limited number of EFs inevitably contains uncertainties. To address
this, field CRB experiments should be properly designed in a di-
versity of regions across China to fully consider the spatial variations
of EFs of CRB emissions across China, and a comprehensive frame-
work of EFs in different regions in China can be established. This
combined strategy of fusing multiple satellite sources and refining
emission factors can potentially provide a more comprehensive and
accurate understanding of CRB-related airborne pollution.
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5. Conclusion

The emissions of pollutants from CRB during the post-harvest
and pre-planting periods profoundly impact air quality in China,
constituting a significant source of atmospheric pollution and
escalating the exposure risk for residents. Despite regulatory efforts
leading to a gradual decline in CRB spots, tens of thousands of small
and CRB events still occur annually. Moreover, the nocturnal barrier
effect of burning activities in global climate change is progressively
diminishing [62], potentially amplifying the hazards associated
with nighttime CRB. Therefore, uncovering the spatiotemporal
variations of CRB and elucidating the lagging effects of pollutant
emissions hold crucial significance for targeted air quality man-
agement and enhancing the efficiency of CRB regulation.

In this study, we analyzed the spatiotemporal distribution of
CRB in China from 2019 to 2021, using hourly NSMC-Himawari-8
fire products. We found that CRB primarily occurs during the
later hours of the day, approximately between 18:00 and 20:00.
Generally, the number of nighttime CRB spots has gradually
decreased over time and has been lower than that of daytime CRB
spots since 2020. Except for the northeast and northern regions, the
remaining areas have consistently exhibited a higher frequency of
daytime CRB than nighttime CRB over the past three years. Addi-
tionally, there has been a gradual weakening in the clustering trend
of CRB incidents during this period. Although the northeast region
remains the primary hotspot for CRB, its proportion has been
decreasing annually, indicating a noticeable southward shift in the
distribution center of CRB spots. In addition, we estimated the
hourly emissions caused by CRB in China from 2019 to 2021. This
analysis revealed that each nighttime CRB was associated with
more pollutant emissions compared to daytime CRB, higher than
daytime CRB by approximately 2,170,209 g of PM, 2,324,995 g of
PM10, and 10,052,606 g of CO, and the total emissions of CO, PM10
and PM2.5 were 12,236, 2,530, and 2,258 Gg, respectively. Finally,
our analysis of CRB emissions and CO and PM concentrations
identified that the lagging effects of CRB on airborne pollutants
were strongest in March and April, with a three-day lag of PM10 and
CO (P < 0.001) and a zero-day lag of PM2.5 (P < 0.001).
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