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ABSTRACT 

Biomass burning (BB) is a major source of trace gases and particles in the atmosphere, influencing air 
quality, radiative balance, and climate. Previous studies have mainly focused on the BB emissions of carbon 
and nitrogen species with less attention on chlorine. Reactive chlorine chemistry has significant effects on 
atmospheric chemistry and air quality. However, quantitative information on chlorine emissions from BB, 
particularly the long-term trend and associated atmospheric impacts, is limited both on regional and global 
scales. Here, we report a long-term (2001–2018) high-resolution BB emission inventory for the major 
chlorine-containing compounds (HCl, chloride, and CH3 Cl) in Asia based on satellite observations. We 
estimate an average of 730 Gg yr−1 chlorine emitted from BB activ ity in A sia, w ith China contributing the 
largest share at 24.2% (177 Gg yr−1 ), followed by Myanmar at 18.7% and India at 18.3%. Distinct seasonal 
patterns and significant spatial and interannual variability are observed, mainly driven by human-mediated 
changes in agricultural activity. By incorporating the newly developed chlorine emission inventory into a 
global chemistry-climate model (CAM-Chem), we find that the BB-chlorine emissions lead to elevated 
levels of HCl and CH3 Cl (monthly average up to 2062 and 1421 parts per tri l lion by volume (pptv), 
respectively), subsequently resulting in noticeable changes in oxidants (up to 3.1% in O3 and 17% in OH 

radicals). The results demonstrate that BB is not only a significant source of air pollutants but also of 
oxidants, suggesting a larger role of BB emissions in the atmospheric chemistry and oxidation process than 
previously appreciated. In light of the projected increase in BB activity toward the end of the century and the 
extensive control of anthropogenic emissions worldwide, the contribution of BB emissions may become 
fundamental to air quality composition in the future. 

Keywords: biomass burning emission, chlorine emission inventory, tropospheric halogen chemistry, 
atmospheric oxidants, CAM-Chem model 
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chorine species actively contribute to atmospheric 
chemistry primarily by releasing chlorine atoms 
or radicals from the photodissociation and reac- 
tions of natural and anthropogenic reactive chlori- 
nated species [6 ]. For example, the photochemical 
decay of CH3 Cl in the stratosphere releases Cl and 
ClO, which catalyze the ozone (O3 ) loss in the 
stratosphere [1 ]. In polluted troposphere, the pho- 
tolysis of abundant Cl2 , ClNO2 , and HOCl can 
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NTRODUCTION 

tmospheric chlorine (Cl) chemistry can affect the
hemical composition of the atmosphere through
umerous reactions and processes. A growing body
f observational and modelling studies has demon-
trated that Cl chemistry significantly perturbs the
tmospheric budgets of hydrocarbons, nitrogen,
zone, and greenhouse gases [1 –5 ], therefore con-

iderably affecting the air quality and climate. The 
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rovide an important source of Cl radicals, and
nhance atmospheric oxidation capacity, volatile
rganic compounds (VOCs) oxidation, and O3 
ormation [6 –8 ]. 
Sea-salt aerosols (SSA) have been suggested to

e the dominant source of reactive Cl to the tropo-
phere [9 ,10 ]. In early model simulations, global tro-
ospheric chlorine mainly resulted from SSA, and
ost of the chlorine over continental regions was at-
ributed to the long-range transport of SSA [11 ,12 ].
n recent inland field studies, significant levels of
ropospheric chlorine species (1–2 parts per bi l lion
y volume (ppbv)) were observed and suggested
o stem from anthropogenic sources other than sea
alt [13 ]. Anthropogenic fossil fuel combustion and
iomass burning (BB) have been suggested to be
he main sources of atmospheric reactive Cl over
he continent [9 ]. The efforts devoted to improv-
ng air quality have resulted in a reduction in the
missions from human-related activities, while BB is
argely uncontrolled in most regions of the world,
uggesting a persistent role of BB in the global Cl
udget. This is consistent with many observation ev-
dences which indicate the ubiquitous emissions of
hlorinated species from open fires [14 –17 ]. More-
ver, climate change results in an increase in global
urface temperature, and consequently an increase in
he number of, and potential for, open fires [18 ]. 
With increasing awareness of the significance of

hlorine in atmospheric chemistry, global and re-
ional chemistry-climate models have incorporated
ome condensed chlorine chemistry mechanisms in
he model [6 ]. Simulations have been performed
o probe the effects of atmospheric chlorine on
ethane lifetime, tropospheric O3 formation and
adical cycling [7 ,8 ,19 ]. Along with uncertainties in
he model mechanisms and simplified assumptions,
nother primary area of uncertainty is the issue of the
hlorine emission source driving the chemistry. The
omprehensive effect of chlorine emitted from BB
n air quality, however, has not been considered and
nvestigated in previous studies. The BB emissions of
reenhouse gases, particulate matter, and VOCs have
een extensively reported (e.g. [20 –26 ]), but little
ttention is paid to the BB Cl species [27 –29 ], there-
ore limiting our knowledge of the full BB impact in
he atmosphere. 
The first global estimation of BB-Cl was the Re-

ctive Chlorine Emissions Inventory (RCEI) with
°×1° ( ∼100 km × 100 km) resolution, which was
ased on Cl-emission ratios referenced to carbon
missions or the fuel Cl content for the year 1990
14 ]. Fu et al . [30 ] compiled an emission inventory
f HCl and particulate chloride in China for 2014
ith a 0.1°×0.1° ( ∼10 km × 10 km) resolution, in
hich BB was identified as the largest contributor
Page 2 of 10
( > 50%) of total Cl emissions in China. In contrast, 
a more recent global emission inventory of HCl and 
particulate chloride for 1960–2014, which was devel- 
oped based on the activity data and uniform emis- 
sion factors, reported a very limited contribution of 
BB to the total Cl emissions, particularly in China 
[31 ]. Large discrepancies remain among these pre- 
vious emission datasets. The contribution of BB in 
regional and global reactive Cl budget, and its vari- 
ations under a changing climate have until now re- 
mained unknown. The effect of BB-Cl on tropo- 
spheric photochemistry, especially in Asia, remains 
largely unexplored, across different timescales. 

RESULTS AND DISCUSSION 

Trends of BB chlorine emissions in Asia 

Motivated by the above, we combined satellite ob- 
servations of burned areas with the emission fac- 
tor (EF), fuel load (FL), and combustion factor 
(CF) to develop a long-term (from 2001 to 2018) 
and high-resolution (500 m) Cl emission inven- 
tory from open BB. The study region is shown in 
Fig. 1 , one of the regions in Asia with substan- 
tial BB activity. Satellite data offers a great tool 
for estimating the Earth’s surface emissions result- 
ing from various activities, including BB, especially 
when detailed bottom-up statistics data and ground- 
based measurements are lacking. The updated ver- 
sion of the Moderate Resolution Imaging Spectrom- 
eter (MODIS) burned area product, MCD64A1 ver- 
sion 6 [32 ], was used to produce the 500 m reso-
lution burned area maps. The land cover informa- 
tion was derived from the Level 3 MODIS Land 
Cover Type Product (MCD12Q1) [33 ], and the 
17 vegetation classes were grouped into five broad 
types, namely forests, shrublands, grasslands, crop- 
lands, and others. The FL was determined from the 
total aboveground biomass (AGB) density, includ- 
ing the aboveground living biomass and litterfall for 
each ecosystem. The agricultural residue burning in 
the open field was also considered, which would be a 
large proportion ( > 90%) of the total BB in China’s 
mainland. The EFs, which are strongly dependent on 
vegetation type, fuel size, fuel moisture, and combus- 
tion efficiency, were obtained from the vegetation- 
specific local measurements for the study regions 
during recent years [27 ,34 –39 ]. More information 
on the inventory methodology is described in de- 
tail in the Methods and Supplementary Materials. 
The estimated Cl emission inventory in this work 
includes particulate chloride (Cl−), the major gas- 
phase Cl component (HCl) and organic chlorine 
(CH3 Cl), which constituted most of the chlorine 
emitted from BB. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
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Figure 1. Spatial distributions and temporal variability of total Cl species (Cl−, HCl, CH3 Cl) emitted from open biomass burn- 
ing over the 2001–2018 period. The black lines in the left column show the calculated Cl emissions (sum of Cl−+ HCl + CH3 Cl) 
for the five selected regions, and the red triangles represent the anthropogenic emissions in 2014. The area plots in the right 
column display the time series of simulated total Cl concentrations attributed to open biomass burning. The solid lines rep- 
resent average annual concentrations, with the shading indicating variability across all modelling grids within the respective 
region. NEC, Northeast China; NCP, North China Plain; SA, South Asia; IC, Indochina; INDO, Indonesia. 
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In Asia, the total emission of Cl-containing
pecies (comprising particulate Cl−, gaseous
Cl, and CH3 Cl) from BB was estimated to be
30 Gg yr−1 on average, varying from 240 to
083 Gg yr−1 during 2001–2018 ( Table S1). Hence-
orth, all total Cl amounts reported in this study
efer to the total mass or concentrations. China was
he largest contributor to the total Cl emissions
n Asia (24.2%), with annual average emissions of
77 Gg Cl yr−1 , followed by Myanmar (18.7%), and
ndia (18.3%), with average emissions of 137 and
34 Gg Cl yr−1 , respectively. The spatial distribution
f 18-year averaged Cl emissions from open burning
s i l lustrated in Fig. 1 . The BB-Cl emissions were
ostly located in agricultural-intensive and forested
reas, remarkably represented by five high-density
egions, i.e. northeastern China (NEC), the North
hina Plain (NCP), South Asia (SA), Indochina
IC), and Indonesia (INDO). Overall, the emissions
rom the five regions accounted for an average of
1% of BB-Cl emissions in Asia during the last two
ecades. The most intensive area was found in SA
ith an average emission rate of 0.29 tCl km−2 , fol-
owed by NCP (0.20 t km−2 ) and IC (0.19 t km−2 ). 
The total Cl emissions from BB in Asia during

001–2018 were substantially lower than that of
526 Gg Cl yr−1 from RCEI, representative for the
ear 1990 ( Table S2), which was estimated based
n the emission ratios of Cl to CO2 and CO [14 ].
wo- to fourfold overestimations in both anthro-
ogenic and BB Cl emissions in China were found
or the RCEI compared to the updated emission
Page 3 of 10
inventory in 2014 [30 ]. The outdated and rough es-
timation without localized emission parameters hin- 
ders the use of RCEI in simulations for present- 
day conditions. Strict control policies on agricultural 
residue burning have been implemented in China 
during the last decade, especially in the NCP region, 
which has resulted in a significant reduction in BB 

emissions [40 ]. This can be seen in the trend of BB-
Cl emissions on the NCP from 2001–2018 in Fig. 1 .
The Cl emissions over the NCP peaked with a value
of 0.6 t km−2 in 2012 and declined rapidly by 90% to
0.01 t km−2 in 2018. However, the results from Zhang 
et al . [31 ] were approximately an order of magni-
tude lower compared to the present work ( Table S2), 
which is associated with the different satellite prod- 
ucts and the different EF parameters used in the 
calculation. The local measurement results of EFs 
used in this work, especially in China ( Table S3), are
much higher compared to the global uniform data 
used by Zhang et al . [31 ]. Moreover, while prior stud-
ies suggested that particulate Cl− was predominant 
in total Cl emissions from BB, our present study re-
veals that gaseous HCl emissions are comparable but 
slightly lower than particulate Cl− ( Table S2). 

In China, the in-field burning of crop residue 
was the largest contributor to total BB Cl emissions, 
accounting for an average fraction of 92%, while the 
open fires in forests, shrublands, and grasslands to- 
gether contributed the remaining 8%. The estimated 
total inorganic Cl loading in China (281 Gg Cl yr−1 

in 2014, Table S2) falls well within the previ- 
ously reported ranges. A bottom-up estimation 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
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eported 511 Gg Cl yr−1 (in 2014) using govern-
ent provincial-level statistics and survey burn-

ng data [30 ], while another study estimated only
5 Gg Cl yr−1 in the same year [31 ]. The geophysical
istribution of BB-Cl emissions was associated with
ural population densities and land-use patterns. The
onthly and seasonal variations in BB emissions
gree well with a statistical survey on the nationwide
pen burning of crop residues [41 ]. NEC and NCP
erved as the major agricultural regions and in-field
rop residue combustion areas [42 ], contributing
he most to BB-Cl emissions in China. The NCP
ad an uppermost contribution from 2005 to 2014
ue to the residue burning of wheat, rice, and corn
n late spring (Fig. 2 and Fig. S1). In contrast to the
ignificant decline in BB on the NCP, a marked rising
rend has emerged in the NEC region during the last
ve years, with a peak value of 0.37 t km−2 in 2017.
he hot spots of BB in China gradually moved from
he NCP to the NEC region during the last several
ears, and the peak month for the total emissions in
hina correspondingly changed from June to April.
 similar upward trend for NEC was also noticed
n previous works [43 ,44 ], and the variations were
ainly associated with the planting structure ad-

ustment related to agricultural policies, especially
he increase in planting areas from 2013 to 2017,
ut insufficient enforcement of government control
easures [43 ]. Compared to other anthropogenic
ANT) emissions (coal combustion, industrial pro-
esses, and solid waste incineration), the proportion
f the BB contribution was significantly prominent
n the total Cl emissions in these two regions, with
 BB:ANT ratio of 1.6:1 on the NCP and 7.5:1 in
EC in 2014 ( Fig. S2). The emission and contri-
utions from BB, as well as the subsequent impacts
n air quality, wi l l be more significant in NEC in
he future assuming a relatively steady or decreasing
nthropogenic emission but increasing BB activities.
herefore, stricter and targeted pollution control
trategies are needed. 
The BB-Cl emissions in other Asian regions, e.g.

A, IC and INDO, exhibited smaller fluctuations
ver the past two decades, as depicted in Fig. 1 . This
rend is consistent with the trend of BB activities
eported in previous research [31 ,45 ]. The total Cl
mission in India was 134 Gg yr−1 (varied from the
owest of 32 Gg in 2001 to the highest of 187 Gg in
009), which is ∼10 times larger than the results pre-
ented by Zhang et al . [31 ]. The spatial distributions
f BB-Cl in India are generally in agreement with pre-
ious observations on BB activities, with a dominant
ontribution from the SA region (including Punjab
nd Haryana) [46 ]. BB-Cl from the SA region dis-
layed a steadily increasing trend, which was mainly
ttributed to increasing agricultural (rice crop)
Page 4 of 10
residue burning [47 ] in the post-monsoon season 
(October–November, Fig. S1). It is in line with the 
high chlorine levels observed in the post-monsoon 
period in this region [48 ]. Previous studies have sug- 
gested that these two Indian states contributed more 
than 90% of the post-monsoon fire intensity in In- 
dia, which coincides with the unfavourable meteo- 
rological conditions and leads to severe air quality 
degradation and public health consequences across 
the densely populated Indo-Gangetic Plain [49 ,50 ]. 
Surface burning in the forest area played a major role 
in Cl emissions in the IC region ( Fig. S1), which 
was quite stable in the last two decades (Fig. 1 ).
The peak BB emission was found in the dry sea- 
son, i.e. December–May ( Fig. S1), a pattern con- 
sistent with statistical data on forest fires gathered 
by the Forest Fire Control Division National Park. 
Most fires in the IC region (e.g. Thailand, Myanmar) 
are human-initiated (e.g. the gathering of forest non- 
timber products, hunting, agricultural residue burn- 
ing for land clearing, incendiary fires, etc.), especially 
by rural residents living in nearby forested areas [51 –
55 ]. The Cl emissions in the INDO region were re-
lated to peat burning in forest/shrubland areas with 
high carbon density ( Fig. S1, [45 ]). The peak emis- 
sions were mostly found from September to October 
(Fig. 2 and Fig. S1), and the drought conditions dur- 
ing the El Niño years (e.g. 2006 and 2015) enhanced 
the fire occurrence and Cl emissions. The burn- 
ing extent of carbon-rich peatlands, fire-driven de- 
forestation and agricultural management, combined 
with synoptic meteorology, were the main factors 
dominating the variation in BB emissions and ex- 
acerbating haze episodes over Equatorial Asia [56 ]. 
The peak season of BB emissions varies across dif- 
ferent regions, influenced by a range of climatic and 
ecological factors as well as human activities such as 
agriculture. This variability underscores the diverse 
nature of BB occurrences worldwide and its impact 
on atmospheric processes. 

Previous studies reported a significant underesti- 
mation of Cl based on the existing emission inven- 
tory in comparison with the observations [57 ,58 ]. 
The Cl radicals activated from Cl emissions exert a 
strong influence on tropospheric oxidation and rad- 
ical cycling, but are poorly simulated in atmospheric 
chemistry models [57 –59 ]. Therefore, understand- 
ing the sources and evolution of Cl emissions is cru- 
cial for constraining the impacts of Cl-containing 
species on a regional or global scale. 

Impacts on atmospheric chlorine levels 
We have incorporated the developed BB-Cl emission 
inventory into a global chemistry-climate model, 
CAM-Chem with comprehensive reactive halogen 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
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Figure 2. Seasonal variations of biomass burning (BB) Cl emissions and simulated Cl 
levels in Asia. (a) Emission intensity (tons) of inorganic Cl in different seasons and 
regions. (b) The same as (a) but for CH3 Cl. (c) Seasonal variations in HCl mixing ratios 
(pptv) at the surface layer. (d) The same as (c) but for CH3 Cl. Different seasons are 
represented as follows: December to February (DJF) for winter, March to May (MAM) 
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autumn. 
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including Cl) chemistry. We conducted four sim-
lation scenarios, noBB (without neither BB nor
NT; 2001 to 2018), BB (with BB; without ANT;
001–2018), noBB_ANT (without BB; with ANT;
014), and BB_ANT (with both BB and ANT;
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2014) ( Table S4), and evaluated the BB-Cl effects 
on reactive Cl abundance and oxidation capacity. 
For the configuration with ANT, the anthropogenic 
emissions of chlorine came from Fu et al . [30 ], which
were derived from the detailed county-level activity 
data and corresponding emission factors. The model 
simulation performance was first validated against 
ground-based and satellite-derived observation data 
( Table S5, Figs S3–S5), which suggested that the 
simulation results were generally in line with the ob- 
servations and that the inclusion of BB-Cl helped re- 
produce the observed magnitude of Cl species. 

The interannual variations in the simulated mix- 
ing ratios of Cl species (Fig. 1 ) are consistent with
the emission trends in the five hotspot regions. The 
highest total Cl of 2200 parts per tri l lion by vol-
ume (pptv, monthly average) was simulated for the 
NCP in 2012, and since then, the Cl levels on the
NCP have been decreasing in recent years. The con- 
tribution of BB-Cl to the atmospheric Cl abundance 
in China in 2014 (the year with available anthro- 
pogenic Cl emissions) was ∼54% of the China na- 
tional average, with a value > 70% in some urban ar-
eas, and up to 100% in some rural and forested areas
( Fig. S2). BB emissions also persistently contributed 
80 0 − 10 0 0 pptv of atmospheric Cl in the SA and IC
regions during the last two decades. The spatial dis- 
tributions of the modelled Cl in India are generally in 
agreement with the measurements, with a high con- 
centration in Dehli [46 ]. Up to 700 ppt of ClNO2 
were observed in an urban background site in New 

Delhi in Jan–Feb 2019 [60 ], and this is consistent 
with the hot spot shown in Fig. 2 . In the SA region,
the co-condensation process of HCl with water on 
aerosols has been reported to result in a 50% −70%
visibility reduction during winter [46 ,61 ]. Previous 
observations captured significant chloride fractions 
in the atmospheric particles, and their sources are 
complicated. A comparison of the simulations to ob- 
servations suggests that if BB-Cl is not considered, 
one might leave out a noticeable fraction of the tro-
pospheric Cl as indicated in previous studies [61 ,62 ] 
as well as Table S5 of the present study. 

We also examined the seasonal variations in the 
simulated abundance of Cl (Fig. 2 ). The simulated 
HCl and CH3 Cl shared similar seasonal and spa- 
tial variations (Fig. 2 ), although HCl was more con-
fined near the emission region because of the scav- 
enging effect while CH3 Cl was more widespread due 
to its longer lifetime. The most significant effect was 
found in the spring season (i.e. March–May, MAM), 
with > 10 0 0 pptv of Cl simulated in vast areas of
Asia, while SA, INDO, and IC experienced greater 
effects in fall and winter (Fig. 2 ). The average simu-
lated concentrations of CH3 Cl in China due to BB 

emissions ranged from 50 pptv during December to 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
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Figure 3. Simulated impacts of biomass burning (BB) Cl on ClNO2 , O3 , and HOx . The upper panel demonstrates the vertical 
patterns of the change in ClNO2 (a), O3 (b), and HOx (c) attributed to BB Cl averaged over the 18 (2001–2018) simulated 
years. The lower panel illustrates the maximum influence of BB Cl on ClNO2 (d), O3 (e), and HOx (f) at the ground surface. 
The box-and-whisker plots show the variations in the change for each species across the modelling domain for different 
regions (medians are presented as horizontal bars, boxes show the first and third quartiles, and whiskers show the 10th 
and 90th percentiles). The ClNO2 concentrations were derived from the midnight simulation results, while the O3 and HOx 
concentrations were noontime simulation results. 
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ebruary (DJF) to the 358 pptv during March to
ay (MAM), which is ∼5% to 30% of the atmo-

pheric mixing ratios measured in various Chinese
ities (average of 952 ± 273 pptv, with a range of
51 ±11 to 2008 ±1068) [63 ] and in the Pearl River
elta region (249 −256 pptv) [64 ]. The simulated
H3 Cl concentrations in SA (Fig. 2 d) were gener-
lly consistent with the observation results in spring
 ∼650 pptv), with slight underestimation [65 ]. BB
H3 Cl can reach the free troposphere and strato-
phere ( Fig. S6), whichpartly explains the significant
l species observed in the stratosphere [66 ]. 
Moreover, CAM-Chem simulations in Asia re-

ealed that the inorganic chlorine contributed by
ea-salt is typically at 1 to 10 μg/m3 over oceanic re-
ions, ∼1 μg/m3 along the coast, and ∼0.1 μg/m3 

n inland areas. The inclusion of BB-Cl emissions
nduced an increase of more than 0.1 (up to 1.0)
g/m3 in simulated inorganic chlorine levels in the
ey regions (NEC, NCP, SA, IC, and INDO), corre-
ponding to an ∼100% increase in the core regions
Page 6 of 10
(and > 40% in larger regions) compared to contribu- 
tions solely from sea-salt aerosols ( Fig. S7). It’s worth 
noting that when averaged across the entire study do- 
main (land and ocean) at the surface level, sea-salt 
contribution amounts to ∼3.50 μg/m3 , while the 
contribution of BB-Cl is only ∼0.01 μg/m3 . 

Impacts on atmospheric oxidants 
We assessed the influences of BB-Cl on atmospheric 
oxidants and radical precursors (Fig. 3 ). Chlorine 
has been reported to increase the oxidation capac- 
ity in polluted regions, particularly through conver- 
sion to a reactive form such as ClNO2 , which is 
formed from the heterogeneous reactions of N2 O5 
with aerosol chloride or N2 O5 with HCl in the pres- 
ence of other aerosol surfaces [67 –69 ]. Our results 
show that considering BB-Cl emissions, the simu- 
lated 18-yr average of ClNO2 would increase by 10 
to 60 pptv over the study regions, with a maximum 

of 1200 pptv (monthly concentration) found at the 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data


Natl Sci Rev, 2024, Vol. 11, nwae285

s  

C  

b  

a  

m  

t  

s  

r  

l  

e  

c  

N  

C  

1  

r  

i  

p  

(  

i  

h  

t  

t  

I  

c  

i
 

O  

w  

1  

i  

s  

a  

s  

i  

d  

i  

r  

a  

a  

t  

S  

I  

o  

a  

t  

t  

N  

t  

2  

i  

T  

p  

i  

l  

t  

p  

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/11/9/nw

ae285/7734774 by The H
ong Kong Polytechnic U

niversity user on 14 M
arch 2025
urface in IC (Fig. 3 ). The influence of BB Cl on
lNO2 could reach the free troposphere (800 hPa)
ut would be mostly within the planetary bound-
ry layer (900 hPa). The Asian summer/winter
onsoon and summertime typhoons can efficiently
ransport air pollutants in Asia to the upper tropo-
phere and lower stratosphere [70 –73 ]. The mixing
atios of ClNO2 in each region ( Fig. S8) showed a
arge seasonal variation following the trend of BB Cl
missions (Fig. 2 ). The impacts were more signifi-
ant for the region with high NOx emissions, i.e. the
CP. The 90th-percentile monthly mixing ratios of
lNO2 were simulated to be 243, 640, 605, 537, and
60 pptv for NEC, NCP, SA, IC, and INDO regions,
espectively (Fig. 3 d). These simulated ClNO2 mix-
ng ratios induced by BB-Cl emissions are quite com-
arable to the field-observed ambient ClNO2 levels
contributed by various Cl sources) in North Amer-
ca, Europe, and Asia, ranging between several and
undreds of pptv [13 ,68 ,74 ], highlighting the poten-
ial significance of BB Cl from Asia. It is noteworthy
hat the simulated ClNO2 was elevated in the SA and
C regions, but no such measurements are available,
alling for more field studies to understand BB-Cl
mpacts. 
The resulting influence of BB Cl on surface

3 (Fig. 3 b; Fig. S9) was predicted to be mild,
ith increases of 1.63% ± 0.87%, 1.56% ± 0.43%,
.38% ± 1.18%, 0.81% ± 0.39%, and 1.03% ± 0.79%
n the NEC, NCP, SA, IC, and INDO regions, re-
pectively. In contrast, the effects tended to be neg-
tive for O3 in the free troposphere (Fig. 3 b) and
tratosphere ( Fig. S6). The surface impact is dom-
nated by inorganic Cl reaction and the latter is
ominated by CH3 Cl photodecomposition. That
s why the former produces ozone and the latter
educes it. During the months with intensive BB
ctivities (and elevated ClNO2 ), BB Cl resulted in
 much more noticeable effect on O3 (Fig. 3 e). In-
erestingly, the largest change in O3 was found in
A, while the largest monthly ClNO2 was found in
C, implying the nonlinear effect of Cl chemistry
n O3 formation. The BB Cl effect on HOx (OH
nd HO2 ; Fig. 3 c; Fig. S10) had a similar pattern
o that of O3 but with larger values. Surprisingly,
he largest monthly change in OH reached 17% in
EC in November 2015 (Fig. 3 f). For other regions,
he maximum increase effects were 2.89% ± 0.77%,
.01% ± 2.40%, 0.36% ± 0.44%, and 0.49% ± 0.95%
n the NCP, SA, IC, and INDO regions, respectively.
he present study aims to quantify the long-term im-
acts of BB chlorine on air quality in Asia. However,
t’s important to note that BB emission of CH3 Cl, a
ong-lived chlorine species with an atmospheric life-
ime of ∼300 days [75 ], also affects the upper tro-
ospheric and lower stratospheric ozone abundance.
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As shown in Fig. S6, the average levels of CH3 Cl 
due to BB above 400 hPa across the main Asian
regions are ∼20 pptv, which resulted in O3 mix- 
ing ratio changes of approximately −0.25% at these 
altitudes. 

We then examined the possible cause for the 
disparate responses of oxidants to BB Cl emission 
( Fig. S11). We found that the effects of BB Cl on 
O3 were larger in the regions with higher NOx 
and VOC concentrations, which explains the rela- 
tively smaller increase in O3 in the IC region even 
though it had the highest ClNO2 . We also noted 
that the relative change in OH had a strong correla-
tion with the relative humidity due to the required 
presence of water vapor in producing OH radicals 
initiated by O3 photolysis (R11–R12). A negative 
correlation was found between OH changes and 
temperature, implying that the enhancing effect of 
Cl on OH was more significant in cold environ- 
ments (with lower radiation and lower OH levels). 
This connection highlights the importance of the 
peak seasons of BB activity in affecting atmospheric 
chemistry and oxidation capacity (Fig. 2 ). During 
the cold season in the Northern Hemisphere, en- 
hanced anthropogenic emissions and unfavourable 
meteorological conditions (e.g. higher humidity) 
contribute to the accumulation of pollutants, and the 
BB-Cl induced enhancements in oxidation capacity 
further promote the photochemistry and the forma- 
tion of secondary pollution. 

DISCUSSION AND OUTLOOK 

Ongoing climate simulations have forecasted the po- 
tential range of BB activities under different shared 
socio-economic pathway (SSP) scenarios in the fu- 
ture [76 ]. Climate warming and dry ing w i l l lead to
more severe and frequent forest fires in most regions. 
Here, we project the trend and potential ranges of BB
Cl emissions referenced to the reported emission in- 
tensity of BB black carbon and CO in the five key
regions toward the end of the century for the SSP1-
2.6, SSP2-4.5, and SSP5-8.5 scenarios (Methods; 
Fig. S12). The projected BB Cl under SSP1-2.6 and 
SSP2-4.5 would generally remain at the present level, 
while that under the SSP5-8.5 scenario would sig- 
nificantly increase until 2100, particularly in SA and 
on the NCP. Anthropogenic chlorine emissions are 
closely related to coal-burning activities, which are 
characterized by sulfur emissions. While BB emis- 
sions are projected to decrease or increase in various 
Asian regions, anthropogenic sulfur emissions are 
mostly expected to decrease, albeit to varying extents 
depending on the scenarios [77 ]. Consequently, a 
decrease in future anthropogenic chlorine sources is 
anticipated. This trend has important implications 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
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https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
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or the significance of BB (including chlorine and
ther emitted species), particularly given the ongo-
ng warming of the global climate and the increased
ikelihood and extent of wildfires. 
The warming climate is transforming landscapes

nd causing more frequent forest fires and wildfires
n both the Northern and Southern hemispheres
78 ]. Forest fires with unprecedented size and inten-
ity were experienced in eastern Australia in 2019–
020 [79 ], in the western USA during 2015–2020
80 ], and in the Amazon [81 ]. BB is traditionally
onsidered a significant source of air pollutants and
reenhouse gases. This work demonstrates that BB
lso supplies Cl species that perturb the oxidation
apacity both directly (via Cl) and indirectly (via
Ox and O3 ). Unlike air pollutants (e.g. black car-
on, NOx , etc.) and greenhouse gases (e.g. CO2 )
rom BB that have been intensively studied for large
res (e.g. [82 ]), BB-Cl species emissions and their
tmospheric (tropospheric and stratospheric) im-
acts are less studied (e.g. [83 ]) and remain poorly
uantified. Future in-situ observations are desired to
urther refine our understanding of BB-derived Cl
ources. Furthermore, global warming tends to ex-
and the fire-vulnerable areas and even shift toward
xtreme northern regions, e.g. Alaska and the Arc-
ic area [84 ,85 ], by both nature and anthropogenic
isturbances (land-use alteration and driven by agri-
ulture) [86 ]. As we report for the NEC region,
B-Cl emissions could have more profound effects
n atmospheric oxidation chemistry in cold environ-
ents/regions. The predicted increasing fire activ-

ties thus wi l l have greater impacts on regional air
uality and the ecosystem by releasing more reactive
pecies or precursors. Failure to account for BB-Cl
hen formulating air pollution mitigation policies
ould lead to an underestimation of the required re-
uctions in anthropogenic sources of air pollutants
o achieve air quality targets. Further investigations
re required to identify and quantify the Cl emis-
ions from BB in different regions as a key to un-
erstanding the integrated roles of BB in shaping at-
ospheric chemistry, air pollution, and climate. We
lso suggest that future studies on BB should include
l species to fully understand the impacts of BB on
tmospheric chemistry. 

UPPLEMENTARY DATA 

upplementary data are available at NSR online. 

UNDING 

his work was supported by the National Natural Science Foun-
ation of China (NSFC) (42122062 and 91744204) and the
esearch Grants Council of Hong Kong Special Administrative
Page 8 of 10
Region (T24/504/17-N, 16209022 and 16201623). The CSIC 

team is funded by the European Research Council Executive 
Agency under the European Union’s Horizon 2020 Research and 
Innovation Programme (ERC-2016-COG 726349 CLIMAHAL 
to AS-L). Computing resources and data storage were provided 
by the Climate Simulation Laboratory at NCAR’s Computational 
and Information Systems Laboratory (CISL), sponsored by the 
NSF. 

AUTHOR CONTRIBUTIONS 

Z.W., D.C. and Q.L. devised the study; D.C., with the help of Y.S.,
compiled the emission inventory; Q.L., with the help of D.C., 
C.A.C., R.P.F., and A.S-L, conducted the model simulation; D.P. 
and L.Z. contributed the satellite retrieved HCHO data; X.F. con-
tributed the anthropogenic chlorine emission inventory in China; 
D.C., Q.L., and Z.W. analyzed the data and wrote the manuscript;
A.P., J.G., J.D., W.W., M.G., J.F., A.L., C.G., G.B., and T.W. par-
ticipated in relevant scientific discussion and commented on the 
manuscript. 

Conflict of Interest Statement. None declared. 

REFERENCES 

1. Molina MJ and Rowland FS. Stratospheric sink for chloroflu- 
oromethanes: chlorine atomic-catalysed destruction of ozone. 
Nature 1974; 249 : 810–2. 

2. Saiz-Lopez A and von Glasow R. Reactive halogen chemistry in 
the troposphere. Chem Soc Rev 2012; 41 : 6448–72. 

3. Simpson WR, Brown SS, Saiz-Lopez A et al. Tropospheric halo- 
gen chemistry: sources, cycling, and impacts. Chem Rev 2015; 
115 : 4035–62. 

4. Knipping EM and Dabdub D. Impact of chlorine emissions from 

sea-salt aerosol on coastal urban ozone. Environ Sci Technol
2003; 37 : 275–84. 

5. Saiz-Lopez A, Fernandez RP, Li Q et al. Natural short-lived halo-
gens exert an indirect cooling effect on climate. Nature 2023; 
618 : 967–73. 

6. Faxon CB and Allen DT. Chlorine chemistry in urban atmo- 
spheres: a review. Environ Chem 2013; 10 : 221–33. 

7. Li QY, Fernandez RP, Hossaini R et al. Reactive halogens in-
crease the global methane lifetime and radiative forcing in the 
21st century. Nat Commun 2022; 13 : 2768. 

8. Chang SY and Allen DT. Atmospheric chlorine chemistry in 
southeast Texas: impacts on ozone formation and control. 
Environ Sci Technol 2006; 40 : 251–62. 

9. Keene WC, Khalil MAK, Erickson DJ et al. Composite global 
emissions of reactive chlorine from anthropogenic and natural 
sources: reactive chlorine emissions inventory. J Geophys Res
1999; 104 : 8429–40. 

10. Graedel TE and Keene WC. Tropospheric budget of reactive chlo- 
rine. Glob Biogeochem Cycle 1995; 9 : 47–77. 

11. Wang X, Jacob DJ, Eastham SD et al. The role of chlorine
in global tropospheric chemistry. Atmos Chem Phys 2019; 19 : 
3981–4003. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae285#supplementary-data
http://dx.doi.org/10.1038/249810a0
http://dx.doi.org/10.1039/c2cs35208g
http://dx.doi.org/10.1021/cr5006638
http://dx.doi.org/10.1021/es025793z
http://dx.doi.org/10.1038/s41586-023-06119-z
http://dx.doi.org/10.1071/EN13026
http://dx.doi.org/10.1038/s41467-022-30456-8
http://dx.doi.org/10.1021/es050787z
http://dx.doi.org/10.1029/1998JD100084
http://dx.doi.org/10.1029/94GB03103
http://dx.doi.org/10.5194/acp-19-3981-2019


Natl Sci Rev, 2024, Vol. 11, nwae285

1 s on European 

1 source inferred 
 464 : 271–4. 

1  from biomass 
es 1999; 104 : 

1 s and vertical 
arbon gases in 
 

1 ource of atmo- 
82 : 253–6. 

1  biomass burn- 

1  disruptions to 

1 f tropospheric 
ct on methane 

2 acts on indoor 
Natl Acad Sci

2 rn US wildfire 

2 reaten historic 

2 ic aerosol and 
Sci USA 2020; 

2 moke through- 

2 pacts respira- 
ional evidence 

2 ns despite the 

2 missions from 

nd other fuels: 
 the fourth Fire 
; 14 : 9727–54. 

2 rescribed fires 
easurements. 

2 tern US during 
of ozone, reac- 
21 : 7383–414. 

3 rogen chloride 
 52 : 1644–54. 

3  chloride and 
hnol 2022; 56 : 

3  area mapping 
 

3 bal land cover: 
mote Sens En-

3 rning of major 
effects. Atmos

3 pounds (VOCs) 
 Sci 2011; 32 : 

3 oluble ions in 
n Sci 2016; 37 : 

3  ions in smoke 
480–6. 

3 r open and do- 
em Phys 2011; 

3 s burning—an 

4 ing emissions 
te observation. 

4 ollutants from 

stionnaire. Res 

4  Beijing: China 

4  of open straw 

7. Atmos Envi-

4 f open biomass 
i Lett 2020; 13 : 

4 e low-visibility 

4 wth sustained 
; 14 : 77–84. 

4  post-monsoon 
MODIS burned 
007. 

4 micron aerosol 
emical charac- 
. Atmos Chem

4 nsoon agricul- 
uences for air 

5 ent in fine par- 
 Sci Rep 2020; 

5 egetation fires 
ne 2015; 10 : 

5 st fires in Thai- 
. Asia-Pacific J

5 ion fire dynam- 
te Sens 2020; 

48 : 1829–43. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/11/9/nw

ae285/7734774 by The H
ong Kong Polytechnic U

niversity user on 14 M
arch 2025
2. Sherwen T, Evans MJ, Sommariva R et al. Effects of halogen
air-quality. Farad Discuss 2017; 200 : 75–100. 

3. Thornton JA, Kercher JP, Riedel TP et al. A large atomic chlorine 
from mid-continental reactive nitrogen chemistry. Nature 2010;

4. Lobert JM, Keene WC, Logan JA et al. Global chlorine emissions
burning: reactive chlorine emissions inventory. J Geophys R
8373–89. 

5. Blake NJ, Blake DR, Sive BC et al. Biomass burning emission
distribution of atmospheric methyl halides and other reduced c
the South Atlantic region. J Geophys Res 1996; 101 : 24151–64.

6. Crutzen PJ, Heidt LE, Krasnec JP et al. Biomass burning as a s
spheric gases CO, H2 , N2 O, NO, CH3 Cl and COS. Nature 1979; 2

7. Hu XY, Chen D, Hu LT et al. Global methyl halide emissions from
ing during 2003–2021. Environ Sci Ecotech 2023; 14 : 100228. 

8. Moritz MA, Parisien MA, Batllori E et al. Climate change and
global fire activity. Ecosphere 2012; 3 : 1–22. 

9. Hossaini R, Chipperfield MP, Saiz-Lopez A et al. A global model o
chlorine chemistry: organic versus inorganic sources and impa
oxidation. J Geophys Res Atmos 2016; 121 : 14271–97. 

0. Liang YT, Sengupta D, Campmier MJ et al. Wildfire smoke imp
air quality assessed using crowdsourced data in California. Proc
USA 2021; 118 : e2106478118. 

1. Xu L, Crounse JD, Vasquez KT et al. Ozone chemistry in weste
plumes. Sci Adv 2021; 7 : eabl3648. 

2. Walker XJ, Baltzer JL, Cumming SG et al. Increasing wildfires th
carbon sink of boreal forest soils. Nature 2019; 572 : 520–3. 

3. Palm BB, Peng QY, Fredrickson CD et al. Quantification of organ
brown carbon evolution in fresh wildfire plumes. Proc Natl Acad
117 : 29469–77. 

4. Schill GP, Froyd KD, Bian H et al. Widespread biomass burning s
out the remote troposphere. Nat Geosci 2020; 13 : 422–7. 

5. Aguilera R, Corringham T, Gershunov A et al. Wildfire smoke im
tory health more than fine particles from other sources: observat
from Southern California. Nat Commun 2021; 12 : 1439. 

6. Zheng B, Ciais P, Chevallier F et al. Increasing forest fire emissio
decline in global burned area. Sci Adv 2021; 7 : eabh2646. 

7. Stockwell CE, Yokelson RJ, Kreidenweis SM et al. Trace gas e
combustion of peat, crop residue, domestic biofuels, grasses, a
configuration and Fourier transform infrared (FTIR) component of
Lab at Missoula Experiment (FLAME-4). Atmos Chem Phys 2014

8. May A, McMeeking G, Lee T et al. Aerosol emissions from p
in the United States: a synthesis of laboratory and aircraft m
J Geophys Res Atmos 2014; 119 : 11,826–849. 

9. Liu X, Zhang Y, Huey L et al. Agricultural fires in the southeas
SEAC4RS: emissions of trace gases and particles and evolution 
tive nitrogen, and organic aerosol. J Geophys Res Atmos 2016; 1

0. Fu X, Wang T, Wang SX et al. Anthropogenic emissions of hyd
and fine particulate chloride in China. Environ Sci Technol 2018;

1. Zhang B, Shen H, Yun X et al. Global emissions of hydrogen
particulate chloride from continental sources. Environ Sci Tec
3894–904. 

2. Giglio L, Boschetti L, Roy DP et al. The collection 6 MODIS burned
algorithm and product. Remote Sens Environ 2018; 217 : 72–85.

3. Friedl MA, Sulla-Menashe D, Tan B et al. MODIS Collection 5 glo
algorithm refinements and characterization of new datasets. Re
viron 2010; 114 : 168–82. 
Page 9 of
4. Li CL, Hu YJ, Zhang F et al. Multi-pollutant emissions from the bu
agricultural residues in China and the related health-economic 
Chem Phys 2017; 17 : 4957–88. 

5. Li XH, Wang SX, Hao JM. Characteristics of volatile organic com
emitted from biofuel combustion in China (in Chinese). Environ
3515–21. 

6. Liu G, Huang K, Li J-H et al. Chemical composition of water-s
smoke emitted from tree branch combustion (in Chinese). Enviro
3737–42. 

7. Liu G, Li JH, Xu H et al. Chemical composition of water-soluble
from leaf combustion (in Chinese). China Environ Sci 2017; 37 : 4

8. Akagi SK, Yokelson RJ, Wiedinmyer C et al. Emission factors fo
mestic biomass burning for use in atmospheric models. Atmos Ch
11 : 4039–72. 

9. Andreae MO. Emission of trace gases and aerosols from biomas
updated assessment. Atmos Chem Phys 2019; 19 : 8523–46. 

0. Wu J, Kong SF, Wu FQ et al. Estimating the open biomass burn
in central and eastern China from 2003 to 2015 based on satelli
Atmos Chem Phys 2018; 18 : 11623–46. 

1. Peng L, Zhang Q, He K. Emissions inventory of atmospheric p
open burning of crop residues in China based on a national que
Environ Sci 2016; 29 : 1109–18. 

2. National Bureau of Statistics. China Statistical Yearbook 2016 .
Statistics Press, 2017. 

3. Cui S, Song ZH, Zhang LM et al. Spatial and temporal variations
burning based on fire spots in northeast China from 2013 to 201
ron 2021; 244 : 117962. 

4. Wang LL, Jin X, Wang QL et al. Spatial and temporal variability o
burning in Northeast China from 2003 to 2017. Atmos Ocean Sc
240–7. 

5. Lee HH, Bar-Or RZ, Wang C. Biomass burning aerosols and th
events in Southeast Asia. Atmos Chem Phys 2017; 17 : 965–80. 

6. Gunthe SS, Liu PF, Panda U et al. Enhanced aerosol particle gro
by high continental chlorine emission in India. Nat Geosci 2021

7. Liu TJ, Marlier ME, Karambelas A et al. Missing emissions from
agricultural fires in Northwestern India: regional limitations of 
area and active fire products. Environ Res Commun 2019; 1 : 011

8. Cash JM, Langford B, Di Marco C et al. Seasonal analysis of sub
in Old Delhi using high-resolution aerosol mass spectrometry: ch
terisation, source apportionment and new marker identification
Phys 2021; 21 : 10133–58. 

9. Liu TJ, Mickley LJ, Gautam R et al. Detection of delay in post-mo
tural burning across Punjab, India: potential drivers and conseq
quality. Environ Res Lett 2021; 16 : 014014. 

0. Ojha N, Sharma A, Kumar M et al. On the widespread enhancem
ticulate matter across the Indo-Gangetic Plain towards winter.
10 : 5862. 

1. Biswas S, Vadrevu KP, Lwin ZM et al. Factors controlling v
in protected and non-protected areas of Myanmar. PLoS O
e0124346. 

2. Junpen A, Garivait S, Bonnet S. Estimating emissions from fore
land using MODIS active fire product and country specific data
Atmos Sci 2013; 49 : 389–400. 

3. Reddy CS, Unnikrishnan A, Bird NG et al. Characterizing vegetat
ics in Myanmar and South Asian countries. J Indian Soc Remo
10

http://dx.doi.org/10.1039/C7FD00026J
http://dx.doi.org/10.1038/nature08905
http://dx.doi.org/10.1029/1998JD100077
http://dx.doi.org/10.1029/96JD00561
http://dx.doi.org/10.1038/282253a0
http://dx.doi.org/10.1016/j.ese.2022.100228
http://dx.doi.org/10.1890/ES11-00345.1
http://dx.doi.org/10.1002/2016JD025756
http://dx.doi.org/10.1073/pnas.2106478118
http://dx.doi.org/10.1126/sciadv.abl3648
http://dx.doi.org/10.1038/s41586-019-1474-y
http://dx.doi.org/10.1073/pnas.2012218117
http://dx.doi.org/10.1038/s41561-020-0586-1
http://dx.doi.org/10.1038/s41467-021-21708-0
http://dx.doi.org/10.1126/sciadv.abh2646
http://dx.doi.org/10.5194/acp-14-9727-2014
http://dx.doi.org/10.1002/2014JD021848
http://dx.doi.org/10.1002/2016JD025040
http://dx.doi.org/10.1021/acs.est.7b05030
http://dx.doi.org/10.1021/acs.est.1c05634
http://dx.doi.org/10.1016/j.rse.2018.08.005
http://dx.doi.org/10.1016/j.rse.2009.08.016
http://dx.doi.org/10.5194/acp-17-4957-2017
http://dx.doi.org/10.13227/j.hjkx.2016.10.009
http://dx.doi.org/10.5194/acp-11-4039-2011
http://dx.doi.org/10.5194/acp-19-8523-2019
http://dx.doi.org/10.5194/acp-18-11623-2018
http://dx.doi.org/10.1016/j.atmosenv.2020.117962
http://dx.doi.org/10.1080/16742834.2020.1742574
http://dx.doi.org/10.5194/acp-17-965-2017
http://dx.doi.org/10.1038/s41561-020-00677-x
http://dx.doi.org/10.1088/2515-7620/ab056c
http://dx.doi.org/10.5194/acp-21-10133-2021
http://dx.doi.org/10.1088/1748-9326/abcc28
http://dx.doi.org/10.1038/s41598-020-62710-8
http://dx.doi.org/10.1371/journal.pone.0124346
http://dx.doi.org/10.1007/s13143-013-0036-8
http://dx.doi.org/10.1007/s12524-020-01205-5


Natl Sci Rev, 2024, Vol. 11, nwae285

5 rn rice fields in 

5  in South and 

5 blic health: an 
nd restoration. 

5 lorine missing 
os 2022; 127 : 

5 culate chloride 

5 despread chlo- 
ntinental Asia. 

6 ongly suppress 
i. Atmos Chem

6  aerosol liquid 
56 : 7163–73. 

6 l chloride sus- 
 on ozone pro- 
hys 2016; 16 : 

6 ixing ratios in 

6 rbon emission 
 region, China. 

6 ning in South- 
cific in spring. 

6 ng substances 
n: Doherty SJ, 
one Depletion: 
. 

6 ake of dinitro- 
ogen partition- 
outhern China. 

6  nitryl chloride 
008; 1 : 324–8. 

6 NO2 chemistry 
50–8. 

7 tatistical Year- 

7  of pollution to 

7 st Asia bound- 
 and eastward 
Phys 2014; 14 : 

7 ic aerosol into 
roc Natl Acad

7 id-Continental 

7 ntific Assess- 
eneva: WMO, 

7 biomass burn- 
llite observa- 
Dev 2017; 10 : 

7 s under differ- 
monized emis- 
Dev 2019; 12 : 

7  anthropocene. 

7 t next for Aus- 

8 den of wildfire 
48118. 

8 ectious agent. 

8  of midlatitude 
9. 

8 spheric ozone. 

8 mbie wildfires. 

8 al forest wild- 
ce 2021; 372 : 

8 or restoration? 

©
C
w

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/11/9/nw

ae285/7734774 by The H
ong Kong Polytechnic U

niversity user on
4. Roder W, Phengchanh S, Keobulapha B. Weeds in slash-and-bu
northern Laos. Weed Res 1997; 37 : 111–9. 

5. Vadrevu KP, Lasko K, Giglio L et al. Trends in vegetation fires
Southeast Asian countries. Sci Rep 2019; 9 : 7422. 

6. Marlier ME, Liu TJ, Yu KR et al. Fires, smoke exposure, and pu
integrative framework to maximize health benefits from peatla
GeoHealth 2019; 3 : 178–89. 

7. Chen QJ, Xia M, Peng X et al. Large daytime molecular ch
source at a suburban site in East China. J Geophys Res Atm
e2021JD035796. 

8. Yang X, Wang T, Xia M et al. Abundance and origin of fine parti
in continental China. Sci Total Environ 2018; 624 : 1041–51. 

9. Baker AK, Sauvage C, Thorenz UR et al. Evidence for strong, wi
rine radical chemistry associated with pollution outflow from co
Sci Rep 2016; 6 : 36821. 

0. Haslett SL, Bell DM, Kumar V et al. Nighttime NO emissions str
chlorine and nitrate radical formation during the winter in Delh
Phys 2023; 23 : 9023–36. 

1. Chen Y, Wang Y, Nenes A et al. Ammonium chloride associated
water enhances haze in Delhi, India. Environ Sci Technol 2022; 

2. Tham YJ, Wang Z, Li QY et al. Significant concentrations of nitry
tained in the morning: investigations of the causes and impacts
duction in a polluted region of northern China. Atmos Chem P
14959–77. 

3. Barletta B, Meinardi S, Simpson IJ et al. Ambient halocarbon m
45 Chinese cities. Atmos Environ 2006; 40 : 7706–19. 

4. Shao M, Huang D, Gu D et al. Estimate of anthropogenic haloca
based on measured ratio relative to CO in the Pearl River Delta
Atmos Chem Phys 2011; 11 : 5011–25. 

5. Kondo Y, Morino Y, Takegawa N et al. Impacts of biomass bur
east Asia on ozone and reactive nitrogen over the western Pa
J Geophys Res 2004; 109 : D15S12. 

6. Engel A, Rigby M, Burkholder JB et al. Update on ozone-depleti
(ODSs) and other gases of interest to the Montreal Protocol. I
Means T, Stewart BC et al. (eds.). Scientific Assessment of Oz
2018 . Geneva: WMO (World Meteorological Organization), 2019

7. Li QY, Zhang L, Wang T et al. Impacts of heterogeneous upt
gen pentoxide and chlorine activation on ozone and reactive nitr
ing: improvement and application of the WRF-Chem model in s
Atmos Chem Phys 2016; 16 : 14875–90. 

8. Osthoff HD, Roberts JM, Ravishankara AR et al. High levels of
in the polluted subtropical marine boundary layer. Nat Geosci 2

9. Sarwar G, Simon H, Xing J et al. Importance of tropospheric Cl
across the Northern Hemisphere. Geophys Res Lett 2014; 41 : 40
The Author(s) 2024. Published by Oxford University Press on behalf of China Science Publish
ommons Attribution License ( https://creativecommons.org/licenses/by/4.0/), which permit
ork is properly cited. 

Page 10 o
0. Food and Agriculture Organization of the United Nations. FAO S
book 2004 . Rome: FAO, 2006. 

1. Randel WJ, Park M, Emmons L et al. Asian monsoon transport
the stratosphere. Science 2010; 328 : 611–3. 

2. Vogel B, Gunther G, Muller R et al. Fast transport from Southea
ary layer sources to Northern Europe: rapid uplift in typhoons
eddy shedding of the Asian monsoon anticyclone. Atmos Chem
12745–62. 

3. Yu PF, Rosenlof KH, Liu S et al. Efficient transport of tropospher
the stratosphere via the Asian summer monsoon anticyclone. P
Sci USA 2017; 114 : 6972–7. 

4. Mielke LH, Furgeson A, Osthoff HD. Observation of CINO2 in a M
urban environment. Environ Sci Technol 2011; 45 : 8889–96. 

5. World Meteorological Organization. Executive Summary. Scie
ment of Ozone Depletion: 2022 . GAW Report No. 278, 56 pp.; G
2022. 

6. van Marle MJE, Kloster S, Magi BI et al. Historic global 
ing emissions for CMIP6 (BB4CMIP) based on merging sate
tions with proxies and fire models (1750–2015). Geosci Model
3329–57. 

7. Gidden MJ, Riahi K, Smith SJ et al. Global emissions pathway
ent socioeconomic scenarios for use in CMIP6: a dataset of har
sions trajectories through the end of the century. Geosci Model
1443–75. 

8. Kelly LT, Giljohann KM, Duane A et al. Fire and biodiversity in the
Science 2020; 370 : 929. 

9. Wintle BA, Legge S, Woinarski JCZ. After the megafires: wha
tralian wildlife? Trends Ecol Evol 2020; 35 : 753–7. 

0. Burke M, Driscoll A, Heft-Neal S et al. The changing risk and bur
in the United States. Proc Natl Acad Sci USA 2021; 118 : e20110

1. Kobziar LN and Thompson GR. Wildfire smoke, a potential inf
Science 2020; 370 : 1408–10. 

2. Solomon S, Dube K, Stone K et al. On the stratospheric chemistry
wildfire smoke. Proc Natl Acad Sci USA 2022; 119 : e211732511

3. Bernath P, Boone C, Crouse J. Wildfire smoke destroys strato
Science 2022; 375 : 1292–5. 

4. Irannezhad M, Liu JG, Ahmadi B et al. The dangers of Arctic zo
Science 2020; 369 : 1171. 

5. Mack MC, Walker XJ, Johnstone JF et al. Carbon loss from bore
fires offset by increased dominance of deciduous trees. Scien
280–3. 

6. Leverkus AB, Murillo PG, Dona VJ et al. Wildfires: opportunity f
Science 2019; 363 : 134–5. 
ing & Media Ltd. This is an Open Access article distributed under the terms of the Creative 
s unrestricted reuse, distribution, and reproduction in any medium, provided the original 

f 10

 14 M
arch 2025

http://dx.doi.org/10.1046/j.1365-3180.1996.d01-6.x
http://dx.doi.org/10.1038/s41598-019-43940-x
http://dx.doi.org/10.1029/2019GH000191
http://dx.doi.org/10.1029/2021JD035796
http://dx.doi.org/10.1016/j.scitotenv.2017.12.205
http://dx.doi.org/10.1038/srep36821
http://dx.doi.org/10.5194/acp-23-9023-2023
http://dx.doi.org/10.1021/acs.est.2c00650
http://dx.doi.org/10.5194/acp-16-14959-2016
http://dx.doi.org/10.1016/j.atmosenv.2006.08.039
http://dx.doi.org/10.5194/acp-11-5011-2011
http://dx.doi.org/10.1029/2003JD004203
http://dx.doi.org/10.5194/acp-16-14875-2016
http://dx.doi.org/10.1038/ngeo177
http://dx.doi.org/10.1002/2014GL059962
http://dx.doi.org/10.1126/science.1182274
http://dx.doi.org/10.5194/acp-14-12745-2014
http://dx.doi.org/10.1073/pnas.1701170114
http://dx.doi.org/10.1021/es201955u
http://dx.doi.org/10.5194/gmd-10-3329-2017
http://dx.doi.org/10.5194/gmd-12-1443-2019
http://dx.doi.org/10.1126/science.abb0355
http://dx.doi.org/10.1016/j.tree.2020.06.009
http://dx.doi.org/10.1073/pnas.2011048118
http://dx.doi.org/10.1126/science.abe8116
http://dx.doi.org/10.1073/pnas.2117325119
http://dx.doi.org/10.1126/science.abm5611
http://dx.doi.org/10.1126/science.abe1739
http://dx.doi.org/10.1126/science.abf3903
http://dx.doi.org/10.1126/science.aaw2134
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULTS AND DISCUSSION
	Trends of BB chlorine emissions in Asia
	Impacts on atmospheric chlorine levels
	Impacts on atmospheric oxidants

	DISCUSSION AND OUTLOOK
	SUPPLEMENTARY DATA
	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

