
Science of the Total Environment 754 (2021) 142144

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Strong biomass burning contribution to ambient aerosol during heating
season in a megacity in Northeast China: Effectiveness of agricultural
fire bans?
Yuan Cheng a, Qin-qin Yu a, Jiu-meng Liu a,⁎, Zhen-Yu Dub, Lin-lin Liang c, Guan-nan Gengd, Bo Zheng e,
Wan-li Ma a, Hong Qi a, Qiang Zhang f, Ke-bin Hed

a State Key Laboratory of Urban Water Resource and Environment, School of Environment, Harbin Institute of Technology, Harbin, China
b National Research Center for Environmental Analysis and Measurement, Environmental Development Center of the Ministry of Ecology and Environment, Beijing, China
c State Key Laboratory of Severe Weather & CMA Key Laboratory of Atmospheric Chemistry, Chinese Academy of Meteorological Sciences, Beijing, China
d State Key Joint Laboratory of Environment Simulation and Pollution Control, School of Environment, Tsinghua University, Beijing, China
e Laboratoire des Sciences du Climat et de l'Environnement, CEA-CNRS-UVSQ, UMR8212, Gif-sur-Yvette, France
f Department of Earth System Science, Tsinghua University, Beijing, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Haze pollution was investigated during
a six-month long heating season in
Harbin.

• PM2.5was dominated byOAand its tem-
poral variation tracked that of
levoglucosan.

• OA was impacted strongly by agricul-
turalfireswith low combustion efficien-
cies.

• Improving air quality in HC region re-
quires effective control of biomass
burning.
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Sustainable use of crop residues remains a challenge in main agricultural regions of China such as the Northeast
Plain. Here we investigated the impacts of biomass burning on fine particle (PM2.5) during a six-month long
heating season in the Harbin-Changchun (HC) metropolitan area, China's only national-level city cluster located
in the severe cold climate region. Temporal variation of PM2.5 was found to coincide with that of levoglucosan.
This was attributed to the strong contribution of biomass burning to organic aerosol (the dominant component
in PM2.5), as supported by the source apportionment results and high levoglucosan-to-organic carbon (OC) ra-
tios. Furthermore, the variation of biomass burning contribution was inferred to be drivenmainly by agricultural
fires with relatively low combustion efficiencies, based on a synthesis of the relationship between OC and ele-
mental carbon (EC), the dependence of EC on carbon monoxide, and the relative abundances of different tracers
for biomass burning. Nitrate formationwas enhanced during biomass burning episodeswhereas no evidencewas
observed to indicate enhanced sulfate formation or net increase of OC mass due to secondary formation. This
study demonstrates the importance of open burning as a source of haze pollution in the HC region.

© 2020 Elsevier B.V. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.142144&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.142144
mailto:jiumengliu@hit.edu.cn
https://doi.org/10.1016/j.scitotenv.2020.142144
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


2 Y. Cheng et al. / Science of the Total Environment 754 (2021) 142144
1. Introduction

Severe haze pollution in China, e.g., that hovering over Beijing for
nearly the whole month of January in 2013 (Zheng et al., 2015), has
attracted broad attention and led to stringent control measures under
the “Air Pollution Prevention and Control Action Plan” promulgated by
the State Council of China in September 2013. A nationwide decrease
of fine particulate matter (PM2.5) occurred with the implementation
of the Action Plan, as supported by results from both remote sensing
(Wei et al., 2019) and ground-based monitoring network operated by
the China National Environmental Monitoring Center (CNEMC; Zhang
et al., 2019). Simulations by a chemical transport model suggested
that the decrease was mainly driven by reductions in industrial emis-
sions whereas promoting clean fuels in the residential sector also con-
tributed but less significantly (Zhang et al., 2019). It is noteworthy
that although residential emissions are caused by the use of both coal
and biomass fuels, only the former one is targeted in the Action Plan.
More importantly, biomass remains the dominant contributor to pri-
mary PM2.5 and carbonaceous aerosol in the residential sector (Zhao
et al., 2018), despite the decreasing trend in household biomass con-
sumption during the last couple of decades in China (Tao et al., 2018;
Zhao et al., 2018). This highlights the benefits of reducing emissions
from residential biomass fuels for further improving air quality and
protecting public health.

In addition to household use (for cooking and heating), large
amounts of biomass are combusted by open burning such as wildfires
and agricultural fires, with the latter being a substantial concern in
developing counties like China and India (Bikkina et al., 2019). For ex-
ample, biomass burning (BB) episodes caused by post-harvest burning
of crop residues have been repeatedly observed in the North China
Plain (Cheng et al., 2013; Yan et al., 2019; Liang et al., 2020), even in re-
cent years under toughest-ever clean air policy. The BB episodes typi-
cally exhibited high PM2.5 concentrations (e.g., above 200 μg/m3

observed at a rural site in Hebei province during the autumn of 2016;
Liang et al., 2020), indicating that open burning could temporarily offset
or overwhelm the effects of other air pollution control measures. De-
spite national and local bans on it, open burning is difficult to be elimi-
nated without effective policy towards sustainable use of crop residues,
which remains a challenge in China.

The clean air actions implemented in China in recent years are
expected to influence not only PM2.5 concentration (Zhang et al.,
2019) but also its chemical composition. Observational results derived
from aerosol mass spectrometer (AMS) measurements during winter
in urban Beijing (Hu et al., 2016; Sun et al., 2018; Li et al., 2019a; Xu
et al., 2019) showed that the mass concentrations of organic aerosol
(OA) were largely comparable during 2010 to 2016 (~30–40 μg/m3)
and then decreased to ~12 μg/m3 in 2017, whereas the contribution of
biomass burning OA (BBOA) to total OA was substantially higher for
the period of 2014–2017 (~20%) compared to 2010–2013 (~10%). The
observed increase in the relative importance of BBOA may be related
to the Action Plan, which primarily aimed at reducing fossil fuel emis-
sions. However, such information on aerosol composition is far less
comprehensive for other air pollution hotspots in China, making it diffi-
cult to properly evaluate the influences of various control measures.

Among themajor city clusters in China, the Harbin-Changchun (HC)
metropolitan area is unique due to its complex air pollution sources and
distinct climate. The HC city cluster is located in the severe cold climate
region in Northeast China, where the daily average temperature could
be below −20 °C during winter. Thus intensive energy use (e.g., coal
and biomass fuels for household space-heating in rural areas) and
massive air pollutant emissions are expected during the heating season,
which usually lasts as long as six months (i.e., from mid-October
throughmid-April). In addition, the city cluster is within amain agricul-
tural region in China (i.e., the Northeast Plain; Hou et al., 2019), and
open burning of crop residues, although prohibited, has not been
completely eliminated in HC and its surrounding areas. Actually, the
agricultural fires are not for heating, but they usually take place during
the heating season, e.g., after harvesting in autumn or before planting
in spring, as indicated by remote sensing studies (Li et al., 2019b; Yin
et al., 2019). Anyhow, emissions from biomass burning and other
sources have resulted in severe air pollution during heating season in
the HC city cluster, with daily and hourly averages of PM2.5 reaching
as high as ~650 and 1000 μg/m3, respectively (Li et al., 2019b).

So far, current understanding of biomass burning impacts on the HC
region mainly comes from remote sensing and air quality data (Li et al.,
2019b; Yin et al., 2019), whereas very little is known about the linkage
between biomass burning emissions and aerosol components. In fact,
aerosol composition itself has not been well characterized for HC with
limited studies (Li et al., 2020; Ma et al., 2020; Sun et al., 2020). To
address this lack of understanding, we conducted field measurements
in the central city of the HC metropolitan area (i.e., Harbin), based on
daily PM2.5 sampling covering the whole heating season. Here we pres-
ent, for the first time, long-term records of Harbin's PM2.5 composition
including organic tracers for biomass burning. Our results revealed
strong impacts of biomass burning, especially agricultural fires that ap-
peared to have low combustion efficiencies. The relationship between
biomass burning emissions and aerosol components also provided in-
sights into the role of BB during haze formation. This study has policy
implications regarding the recent rapid energy transitions in China.

2. Methods

Chemical compositions of PM2.5 in urban Harbin were measured
during a six-month period from 16 October 2018 to 14 April 2019.
The samplingwas performed on the campus of Harbin Institute of Tech-
nology (HIT; 45°45′24″ N, 126°40′49″ E), using a low volume sampler
(MiniVol; Airmetrics, OR, USA) operated with pre-baked quartz-
fiber filters (2500 QAT-UP; Pall Corporation, NY, USA) at a flow rate of
5 L/min. A total of 180 samples (24-h integrated) were collected.
Following the procedures described in Cheng et al. (2013), the samples
were analyzed for organic carbon (OC), elemental carbon (EC),
levoglucosan (LG), mannosan (MN) and water-soluble inorganic ions.
Briefly, OC and EC were measured by a DRI carbon analyzer (Model
2001; Atmoslytic Inc., CA, USA) using the IMPROVE-A temperature pro-
tocol with transmittance charring correction. The organic tracers for
biomass burning, i.e., LG and MN, were detected by a Dionex ion chro-
matography (IC) system (ICS-5000+; Thermo Fisher Scientific Inc.,
MA, USA) using the high-performance anion-exchange chromatogra-
phy coupled to pulsed amperometric detection (HPAEC-PAD) method.
The IC was also used to quantify the inorganic ions including sulfate
(SO4

2−), nitrate (NO3
−), chloride (Cl−), ammonium (NH4

+), potassium
(K+) etc. Constructed PM2.5 concentration, i.e., (PM2.5)⁎, was calculated
as the sum of OA (determined as 1.6 × OC), EC and water-soluble
inorganic ions.

Air quality data (including PM2.5, inhalable particle, sulfur dioxide,
nitrogen dioxide, ozone and carbon monoxide) and meteorological
data (including temperature, relative humidity and pressure) during
the measurement period were obtained with a time resolution of 1 h
from China's National Urban Air Quality Real Time Publishing Platform
(http://106.37.208.233:20035/) and Weather Underground (https://
www.wunderground.com/weather/cn/harbin/ZYHB), respectively.
Specific humidity, i.e., the mass of water vapor in a unit mass of moist
air, was calculated based on the meteorological parameters obtained.

3. Results and discussion

3.1. Evidence for strong biomass burning contribution to Harbin's aerosol

(PM2.5)⁎ agreed in general with the measurement results from
nearby CNEMC sites (Fig. 1b), supporting the use of the observational
datameasured at HIT to investigate the PM2.5 pollution in urbanHarbin.
As shown in Fig. 1a, (PM2.5)⁎ varied by one order ofmagnitude from ~10

http://106.37.208.233:20035/
https://www.wunderground.com/weather/cn/harbin/ZYHB
https://www.wunderground.com/weather/cn/harbin/ZYHB


Fig. 1. (a) Temporal variations of constructed PM2.5 concentration, i.e., (PM2.5)⁎, and levoglucosan. Monthly average (PM2.5)⁎ compositions are shown by the inner pie charts.
(b) Comparison of (PM2.5)⁎with PM2.5 measured at a nearby CNEMC site (45°46′31″ N, 126°41′42″ E; about 2.4 km north of the HIT site). Similar relationship was observed when com-
paring (PM2.5)⁎with results from another nearby CNEMC site (45°44′03″N, 126°41′29″E; about 2.6 km south of theHIT site; not shownhere). (C) Relationship between levoglucosan (LG)
and OC. Samples are classified into three groups based on the LG/OC ratios. There are 82, 61 and 19 samples in Cases A, B and C, respectively. Dashed lines in (b) and (c) indicate linear
regression results, with K and b denoting the slope and intercept, respectively. In (c), the LG/OC ratios and the K (i.e., ΔLG/ΔOC) values are presented on a basis of carbon mass.
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to 285 μg/m3 during the measurement period. Furthermore, (PM2.5)⁎
and levoglucosan exhibited similar patterns of temporal variation,
e.g., the highest (PM2.5)⁎ and levoglucosan (14.56 μg/m3) were ob-
served in the same sampling event in late February. This pointed to a
strong impact of biomass burning on PM2.5 throughout the heating sea-
son. To better illustrate the role of BB, distinct episodes strongly im-
pacted by dust or firework were excluded in the following discussions.
These two types of episodes (N = 14 and 2, respectively) were identi-
fied by the dependence of PM2.5 on inhalable particle (PM10) and the
dependence of levoglucosan on K+, respectively, as described in the
Supplementary material (Fig. S1).

Given that BB aerosol mainly consists of carbonaceous species (May
et al., 2014), we first investigated the influence of biomass burning on
OA, i.e., the dominant component in (PM2.5)⁎ (Fig. 1a). The samples
were classified into three groups (namely Cases A, B and C) with LG/
OC ranges of <1.5%, between 1.5 and 3.0%, and >3.0% (on a basis of car-
bonmass), respectively. For the three cases, levoglucosan and OC corre-
lated strongly (r ≥ 0.95)with slopes, i.e.,ΔLG/ΔOCvalues, of 1.05±0.04,
2.28 ± 0.09 and 5.00± 0.34%, respectively (Fig. 1c). The strong correla-
tions between levoglucosan and OC should not be attributed primarily
to the influence of meteorological conditions (e.g., wind speed and the
planetary boundary layer height), because the correlations between
levoglucosan and other components were much weaker (e.g., EC and
sulfate; Fig. S2). It could thus be inferred that Fig. 1c pointed to the im-
portance of biomass burning as an OC source for all the three cases. This
was supported by the source apportionment results from EPA's Positive
Matrix Factorization (PMF)model, i.e., ~50% of OCwas attributed to bio-
mass burning for the whole campaign while the BB contributions to OC
were estimated to be ~35, 50 and 80% for Cases A, B and C, respectively.
Details of the PMF analysis, including the source profiles resolved, are
presented in the Supplementary material (SI-1 and Fig. S3).
3.2. Influences of biomass burning on aerosol composition

The three cases exhibited different aerosol concentrations and com-
positions, for which the changes of biomass burning contribution
should be largely responsible. (PM2.5)⁎ exhibited an increasing trend
from Cases A through C (Fig. 2a), mainly driven by the increase of OA.
For example, if defining excess (PM2.5)⁎ as the increase of the average
(PM2.5)⁎ concentration in amore polluted case relative to a less polluted
one, OA constituted ~60 and 80% of the excess (PM2.5)⁎ for the Cases B
vs. A and the Cases C vs. B comparisons, respectively. Although OA con-
centration indeed increased from Cases A through C, its contributions to
(PM2.5)⁎ were comparable between Cases A and B whereas a consider-
ably higher contribution was observed for Case C (Fig. 2b). For EC and
inorganic ions, their contributions to (PM2.5)⁎ were substantially
lower in Case C (Fig. 2c and d), with the EC to (PM2.5)⁎ ratio exhibiting
an obvious decreasing trend from Cases A through C (Fig. 2c).

3.3. Chemical signatures related to biomass burning

The three cases exhibited different chemical signatures (i.e., ratios
between various species), which could be related to the changes of bio-
mass burning contribution aswell. First, OC increasedmore rapidlywith
increasing EC from Cases A through C. OC and EC correlated strongly
(r = 0.96) for Case A with a slope (i.e., ΔOC/ΔEC) of 4.04 ± 0.12,
whereas for the other cases, the dependences of OC on EC became
non-linear and could be approximately by exponential relationships
with r values of 0.85 (Fig. 3). Second, linear regression of EC on carbon
monoxide (CO) showed lower slopes from Cases A through C, such
that the ΔEC/ΔCO values were (5.15 ± 0.31), (4.19 ± 0.37) and
(3.39±0.57) ×10−3 for the three cases, respectively (Fig. 4a). Sampling
events thatmight be subject towet removal of ECwere excluded for the



Fig. 2. Comparison of (a) constructed PM2.5 concentration, i.e., (PM2.5)⁎, (b) OA to (PM2.5)⁎ ratio, (c) EC to (PM2.5)⁎ ratio, and (d) the sum of sulfate, nitrate and ammonium (SNA) to
(PM2.5)⁎ ratio across three cases with different ranges of LG/OC (on a basis of carbon mass). Lower and upper box bounds indicate the 25th and 75th percentiles, the whiskers above
and below the box indicate the 95th and 5th percentiles, the solid circles above and below the box indicate the maximum and minimum, and the open circle within the box marks
the median.

4 Y. Cheng et al. / Science of the Total Environment 754 (2021) 142144
determination of ΔEC/ΔCO, as described in the Supplementary material
(Fig. S4). Third, levoglucosan became more abundant relative to other
biomass burning tracers (i.e., mannosan and K+) from Cases A through
C. Although levoglucosan exhibited linear dependences on both
mannosan and K+, different slopes were derived from the three
cases. The ΔLG/ΔK+ values were 0.61 ± 0.03, 0.98 ± 0.07 and 3.22 ±
0.60 for Cases A, B and C, respectively, and the corresponding ΔLG/
ΔMN values were 10.75± 0.98, 20.18 ± 2.92 and 35.41± 1.31, respec-
tively (Fig. 4b).

Comparing the chemical signatures observed inHarbin's ambient at-
mospherewith results from biomass burning source emissions suggests
Fig. 3. Dependences of OC on EC for three cases with different ranges of LG/OC (on a basis
of carbon mass). The dashed lines indicate regression results. For samples with LG/
OC < 1.5% (i.e., Case A), the dependence can be fitted by a linear function with K and b
denoting the slope and intercept, respectively. For samples with LG/OC between 1.5 and
3.0% (i.e., Case B), the dependence can be fitted by an exponential function as OC =
7.85 × e0.29EC (r= 0.85). For samples with LG/OC > 3.0% (i.e., Case C), the fitting function
is OC = 8.83 × e0.39EC (r = 0.85).
that the influence of smoldering combustion tended to be more
significant from Cases A through C. The relative importance of different
combustion phases (i.e., flaming and smoldering) to the total emissions
during a burn can be estimated by the modified combustion efficiency
(MCE), which is calculated based on the molar mixing ratios of CO2

and CO as ΔCO2/(ΔCO2 + ΔCO). In general, higher MCE values indicate
a greater contribution from flaming combustion emissions, whereas
lower values indicate a greater contribution from smoldering combus-
tion. Laboratory studies such as the Fire Laboratory at Missoula Experi-
ments (FLAME; McMeeking et al., 2009; May et al., 2014) and the Fire
Influence on Regional and Global Environments Experiment (FIREX;
Selimovic et al., 2019) typically found that little black carbon [BC, refer-
ring broadly to results from various measurement principles (Petzold
et al., 2013), e.g., EC from thermal-optical method in this study] was
emitted at relatively low MCE values (e.g., below 0.9) and in this case,
the OC emission factor (EFOC) to EFBC ratio could be as high as ~102

whereas the EFBC to EFCO ratio could be as low as ~1.5 × 10−3. However,
EFBC usually increased with increasing MCE and thus at relatively high
MCE values (e.g., above 0.95), the EFOC to EFBC ratio could decrease to
~10−1 whereas the EFBC to EFCO ratio could increase to ~30 × 10−3. In
laboratory studies, therefore, the EFOC to EFBC ratio was usually found
to exhibit a decreasing trend with the increase of MCE whereas an
opposite relationship with MCE was typically observed for the EFBC to
EFCO ratio. In addition, the dependences of EFBC/EFCO on MCE were
found to be comparable between the third FLAME study (i.e., FLAME-
III) and a laboratory study conducted in China (Pan et al., 2017), in
which the same technique (i.e., the Single Particle Soot Photometer,
SP2) was used to measure BC whereas different types of biomass fuels
(those commonly seen in the U.S. and China, respectively) were
combusted. It seems that in laboratory burns, EFBC/EFCO was influenced
mainly byMCE rather than fuel types. The positive dependence of EFBC/
EFCO onMCEwas also observed in some of the aircraft campaigns focus-
ing on emissions from prescribed fires or wildfires (Kondo et al., 2011;
May et al., 2014), although in this case the factors influencing EFBC/
EFCO could be more complex than laboratory burns. Anyhow, decrease



Fig. 4. Comparison of (a) ΔEC/ΔCO and (b) ΔLG/ΔK+ and ΔLG/ΔMN across three cases with different ranges of LG/OC (on a basis of carbon mass). The ratios are determined as slopes
derived from linear regression.
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in EFBC/EFCO and increase in EFOC/EFBC pointed to a greater contribution
from smoldering combustion emissions.

Regarding the relative abundances of biomass burning tracers, labo-
ratory studies typically showed larger values of both EFLG/EFK+ and EFLG/
EFMN at higher EFOC/EFBC. For example, Sullivan et al. (2008) measured
BB smoke emitted from the combustion of Manzanita leaves during
the first and second FLAME studies (i.e., FLAME-I and -II). The authors
found that when EFOC/EFBC increased from 1.2 to 15.0 which were the
characteristics of flaming and smoldering combustion, respectively,
EFLG/EFK+ nearly doubled (from 12.5 to 24.4) while EFLG/EFMN increased
from 0.3 to 1.1. Similar trends were observed for other types of biomass
fuels (Sullivan et al., 2008). Based on a synthesis of the results fromHar-
bin (Figs. 3 and 4) and BB source emission studies, therefore, it was in-
ferred that the increase of biomass burning contribution from Cases A
through C was mainly driven by smoldering combustion emissions.

The chemical signatures also provided information on the types of
the biomass fuels that resulted in Harbin's BB aerosols. Based on the
source identification method suggested by Cheng et al. (2013), the ob-
served ΔLG/ΔK+ and ΔLG/ΔMN values (Fig. 4b) were in general the
characteristics of the combustion of crop residues, which typically
showed EFLG/EFK+ and EFLG/EFMN values of 0.01–1 and 10–100, respec-
tively. Although the relatively high ΔLG/ΔK+ in Case C (i.e., above
1) was less commonly seen during laboratory burns of crop residues
(Sullivan et al., 2008), comparable values haven been observed in bio-
mass burning episodes caused by post-harvest combustion, e.g., open
burning of corn straws during autumn in the North China Plain (Liang
et al., 2020).

Given that the occurrences of high LG/OC ratios (e.g., Case C sam-
ples) were irregular and no dependence of LG on temperature was ob-
served (Fig. S5), the increase of biomass burning contribution from
Cases A through C should be mainly driven by open burning rather
than household use of biomass (e.g., for heating and cooking). Further-
more, as indicated by the chemical signatures, the openburning pointed
to agricultural fires with relatively low combustion efficiencies.

3.4. Influence of biomass burning on secondary aerosol formation

Sulfate formation was investigated based on the sulfate to EC ratio
and the sulfur oxidation ratio (SOR, calculated as the molar ratio of sul-
fate to the sum of sulfate and sulfur dioxide). Both sulfate/EC and SOR
were relatively constant during the study. Theirmedian values observed
in different caseswere in narrow ranges of 1.6–1.8 and 0.08–0.1, respec-
tively (Fig. 5a and b), showing no evidence that sulfate formation was
apparently influenced by biomass burning emissions. Although sulfur
dioxide (SO2) could indeed be detected in BB smoke (Li et al., 2007;
Yokelson et al., 2009; Kondo et al., 2011; Liu et al., 2016), results from
previous studies did not reach a consensus regarding sulfate formation
during atmospheric transport/aging of biomass burning emissions. Sul-
fate formation was typically slow or even minimal in relatively dry
plumes, as observed during the evolution of BB emissions from a chap-
arral fire in California (Akagi et al., 2012) and for the wildfire plumes
transported to the Mt. Bachelor Observatory (MBO) site in Oregon
(Collier et al., 2016; Zhou et al., 2017). However, sulfate formation
could be fast in BB plumes with relatively high humidity, as observed
during the aging of emissions from open fires in Yucatan (Mexico;
Yokelson et al., 2009) and Rondônia (Brazil; Morgan et al., 2020). In
this study, all the three cases should be considered relatively dry as
indicated by both the relative humidity (RH) and specific humidity
(Cwater), e.g., the median RH were ~60, 55 and 40% for Cases A to C,
respectively, and the median Cwater were in a narrow range of
(1.1–1.3) × 10−3 (Fig. S6). Given that sulfate formation through photo-
chemistry is much slower than aqueous-phase reactions (in either
clouds or aerosol water; Cheng et al., 2016), none of the three cases
was favorable for rapid formation of sulfate, despite the increasing
trend of ozone concentration from Cases A through C (Fig. S6).

Both nitrate/EC and the nitrogen oxidation ratio (NOR, calculated as
the molar ratio of nitrate to the sum of nitrate and nitrogen dioxide) ex-
hibited increasing trends from Cases A through C. The median values of
nitrate/EC were 1.1, 1.9 and 2.3 in the three cases, respectively, and the
median NOR were 0.05, 0.08 and 0.12, respectively (Fig. 5c and d). This
pointed to the influence of biomass burning emissions on nitrate forma-
tion. Furthermore, photochemical chemistry should play an important
role in this process, as indicated by the increase of ozone with increasing
BB contribution and the overall low levels of humidity (Fig. S6). BB-
related nitrate formation was also evident in aircraft-based studies
focusing on the evolution of biomass burning emissions, e.g., the Studies
of Emissions and Atmospheric Composition, Clouds and Climate Cou-
pling by Regional Surveys (SEAC4RS; Liu et al., 2016) campaign and the
South American Biomass Burning Analysis (SAMBBA; Morgan et al.,
2020) project. Formation of nitrate was typically faster than sulfate in
relatively dry BB plumes (Akagi et al., 2012), consistentwith the different
trends of NOR and SOR observed from Cases A through C in this study.

As discussed in Section 3.3, OC/EC showed an increasing trend from
Cases A through C, as the influence of smoldering combustion emissions
became more significant. In principle, formation of secondary organic
aerosol (SOA) in BB plumes was another likely cause for the observed
increase of OC/EC. But this study did not involve robust tracers or indi-
cators for SOA, prohibiting a proper elucidation of BB-related SOA for-
mation. If attributing OC associated with the PMF-based sulfate and
nitrate factors (Fig. S3) to secondary OC (SOC), no trend was observed
for SOC concentration or the SOC to EC ratio from Cases A through C.
The majority of previous field studies also found that OA mass in BB
plumes showed little to no change with aging in natural atmosphere
(after accounting for dilution; Hodshire et al., 2019), as can be seen



Fig. 5. Comparison of (a) sulfate to EC ratio, (b) SOR, (c) nitrate to EC ratio, and (d) NOR across three cases with different ranges of LG/OC (on a basis of carbon mass).
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from ground-based measurements at the MBO site (Collier et al., 2016;
Zhou et al., 2017) and aircraft campaigns such as SEAC4RS (Liu et al.,
2016), SAMBBA (Morgan et al., 2020) and the Arctic Research of the
Composition of the Troposphere from Aircraft and Satellites (ARCTAS;
Cubison et al., 2011). However, this does not necessarily mean no evo-
lution of biomass burning OA, because the oxygen to carbon ratios of
OA (O/C; retrieved from AMS measurements) were almost always
higher in aged plumes than fresh ones (Hodshire et al., 2019). Increase
of O/C with aging could be observed even if ΔOA/ΔCO decreased
(Forrister et al., 2015; Jolleys et al., 2015). For example, O/C in the Rim
plumes nearly doubled in a few hours when ΔOA/ΔCO decreased by
~75% (Forrister et al., 2015). Anyhow, previous studies suggested that
complex chemical/physical processes (e.g., formation of SOA and evap-
oration/decay of primary OA) might be at play during atmospheric
aging of biomass burning OA (Jolleys et al., 2012; Hodshire et al.,
2019), and the net OA production was usually negligible.

3.5. Conclusions

Haze pollution has not been well understood for the HC metropoli-
tan area, which has not only complex emission sources but also ex-
tremely low temperatures during winter (e.g., below −20 °C in terms
of daily average). Such atmosphere environment is unique, differing
from other air pollution hotspots in China, such as the Beijing-Tianjin-
Heibei (also known as Jing-Jin-Ji) region which has been the focus of
extensive studies. Based on a six-month field campaign conducted in
Harbin (i.e., the central city in HC), here we show that formation of
heavily-polluted PM2.5 episodes during the heating season was mainly
driven by the increase of OC, i.e., the role of secondary inorganic ions
was much less important. Furthermore, based on a synthesis of various
source-related information such as the PMF results and different chem-
ical signatures, we suggest that biomass burning was the dominant
contributor to OC (with an average contribution of ~50%), and its contri-
bution could be considerably enhanced (e.g., ~35 vs. 80% between Cases
A and C) by agricultural fires with relatively low combustion efficien-
cies. However, no evidence was observed to assign the open burning
as an important source of EC. A relatively stable biomass burning
contribution to EC (~40%) was derived from PMF (Fig. S3), without
clear trend from Cases A through C. In addition, formation of nitrate
was enhanced during BB episodes (presumably through photochemical
reactions) whereas neither enhanced sulfate formation nor net increase
of OC mass due to SOA formation was evident.

3.6. Implications

This study revealed distinct influences of biomass burning in the HC
region. First, the levoglucosan to OC ratios exceeded 1.5% (on a basis of
carbon mass) for ~50% of the Harbin samples. Such high ratios, which
are a robust indicator for strong biomass burning impact, are rarely
seen in other regions of China (Liu et al., 2019), even during BB episodes
caused by open burning (Cheng et al., 2013). Second, the relatively low
combustion efficiencies of the agricultural fires impacting Harbin, al-
though not directly measured, appear to differ from the typical open
burning conditions in the existing literature (Hodgson et al., 2018).
For example, increases in ΔBC/ΔCO were frequently observed during
BB episodes in East China (Pan et al., 2011, 2012, 2013), indicating rela-
tively high combustion efficiencies of their open burning conditions. In
HC, however, the distinct environment during the heating season,
e.g., the low ambient temperature and the snow over the land, may
not favor flaming combustion. Given that smoldering combustion pro-
motes PM emission (McMeeking et al., 2009; May et al., 2014), the
strong biomass burning impact observed in Harbin should be due not
only to the large amounts of crop residues burned but also to the rela-
tively low combustion efficiencies. In future studies, MCE and emission
factors of various pollutants should be directlymeasured for the agricul-
tural fires in the HC region, and transformation of the BB emissions in
HC's frigid atmosphere, e.g., formation of secondary organic and
inorganic aerosols, should also be investigated.

Regulations of open burning in China rely largely onmandatory bans
whereas sustainable use of crop residues remains a difficult challenge.
This problem is particularly serious in the HC city cluster which is
within a main agricultural region in China. Our results indicate that im-
provement of air quality cannot be achieved for HC without effective
control of open burning.
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