
Atmos. Chem. Phys., 25, 3737–3752, 2025
https://doi.org/10.5194/acp-25-3737-2025
© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Formation of highly absorptive secondary brown carbon
through nighttime multiphase chemistry of biomass

burning emissions

Ye Kuang1,2, Biao Luo1,2, Shan Huang1,2, Junwen Liu1,2, Weiwei Hu3, Yuwen Peng1,2, Duohong Chen4,
Dingli Yue4, Wanyun Xu5, Bin Yuan1,2, and Min Shao1,2

1Institute for Environmental and Climate Research, College of Environment and Climate,
Jinan University, Guangzhou 511443, China

2Guangdong-Hongkong-Macau Joint Laboratory of Collaborative Innovation for Environmental Quality,
Guangzhou 511443, China

3State Key Laboratory of Organic Geochemistry and Guangdong Key Laboratory of Environmental Protection
and Resources Utilization, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences,

Guangzhou 510640, China
4Guangdong Ecological and Environmental Monitoring Center, State Environmental Protection Key Laboratory

of Regional Air Quality Monitoring, Guangzhou 510308, China
5State Key Laboratory of Severe Weather, Key Laboratory of Atmospheric Chemistry, Institute of Atmospheric

Composition, Chinese Academy of Meteorological Sciences, Beijing 100081, China

Correspondence: Ye Kuang (kuangye@jnu.edu.cn) and Shan Huang (shanhuang_eci@jnu.edu.cn)

Received: 25 August 2024 – Discussion started: 18 September 2024
Revised: 13 January 2025 – Accepted: 2 February 2025 – Published: 28 March 2025

Abstract. Biomass burning is a major global source of both primary brown carbon (BrC) and reactive trace
gases in the atmosphere and thus has a significant impact on global climate and regional atmospheric chem-
istry. However, a substantial gap remains in our understanding of the nighttime evolution of biomass burning
emissions. Here we present prominent nighttime formation of secondary organic aerosol (Night-OA) with strong
absorptivity but markedly different spectral dependence from that of primary biomass burning organic aerosols,
which was observed during autumn in the Pearl River Delta region of China when biomass burning plumes
prevailed. Our results demonstrate that the formation of Night-OA appeared to have high dependence on both
the magnitudes of biomass burning emissions at nightfall and available oxidants of NO2 and O3. Active night-
time NO3 radical chemistry was characterized by quick O3 depletion and almost zero concentration of NO. The
rapid decrease in NO2 coincident with the quick nitrate formation suggests that the rapid NO2 consumption
supplied the NO3 and N2O5 reaction chains. However, the quickest Night-OA formation occurred when nitrate
formation ceased and relative humidity reached maximum, and it mainly added mass to aerosol water-abundant
diameter ranges. This co-variation suggests that gas-phase reactions of biomass burning precursors, along with
aqueous-phase chemistry involving preexisting hygroscopic aerosols in the diluted plume, likely work in con-
cert to promote the rapid nighttime formation of Night-OA. Preexisting background aerosols are generally much
more hygroscopic than the aerosols directly emitted from biomass burning. Incorporating the important role of
background aerosols in the aging of diluted biomass burning plumes would be valuable in future laboratory
and model simulation studies. The proposed mechanisms for secondary BrC formation have broad implications
for the climate and air quality impacts of biomass burning, including the interaction between biomass burning
plumes and background aerosols in humid regions, as well as with water-abundant pyroconvection clouds.
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1 Introduction

Light-absorbing organic aerosols, termed brown carbon
(BrC) (Andreae and Gelencsér, 2006), absorb solar radiation
and warm the atmosphere, act as potential photosensitizers,
and alter atmospheric oxidation capacity (Liu et al., 2020),
thus having a profound impact on atmospheric chemistry, air
quality, and climate (Jo et al., 2016). Biomass burning activi-
ties happen frequently across the globe due to natural and an-
thropogenic activities injecting large amounts of fine organic
aerosols (known as biomass burning organic aerosol, BBOA)
and trace gases into the global atmosphere, thereby acting as
a major global source of primary aerosols and volatile or-
ganic compounds (Andreae and Merlet, 2001; Akagi et al.,
2011; Andreae, 2019; van der Werf et al., 2017) and thus hav-
ing a significant impact on global climate (Liu et al., 2021;
Yu et al., 2019, 2021). The freshly emitted BBOA is highly
absorptive near ultraviolet wavelengths and considered a ma-
jor contributor to atmospheric BrC (Wang et al., 2016). A
number of laboratory studies revealed that secondary organic
aerosol (SOA) formed from the oxidation of biomass burn-
ing precursors (BBSOAs) is also absorptive (Saleh et al.,
2013). However, the importance of secondary BrC formed
from biomass burning precursors remains uncertain.

Both daytime and nighttime chemistries play a significant
role in aging biomass burning plumes and associated sec-
ondary SOA and BrC formation. Daytime aging of biomass
burning emissions and its impacts on SOA formations have
previously been extensively investigated (Hodshire et al.,
2019). Those investigations found that the formed SOA con-
tributed substantially to BrC (Kumar et al., 2018; Saleh,
2020), which was confirmed by field measurements. For ex-
ample, Palm et al. (2020) observed that daytime oxidation
of emitted phenolic compounds contributed substantially to
BBSOA formation from direct gas emissions, with products
being highly absorptive. Compared with daytime aging ex-
periments of biomass burning emissions, laboratory studies
representative of night chemistry are scarce. At night, the
consumptions of O3 and OH is much faster than their for-
mation rates due to the absence of photochemical reactions;
thus the atmospheric concentration of these two oxidants re-
duce rapidly after sunset. The depletion of O3 through NO2
oxidation generates NO3 radicals that act as a major oxidant
during nighttime periods and drive the tropospheric night-
time chemistry (Wang et al., 2023a). Decker et al. (2019) in-
vestigated the nighttime chemical transformation in biomass
burning plumes using a box model, which was initialized by
aircraft observations, with results demonstrating NO3 radical
loss mostly due to reactions with biomass burning volatile or-
ganic compounds (VOCs). In recent years, a number of lab-
oratory studies using NO3 as the oxidant were carried out
to explore the influences of nighttime aging on SOA for-
mation from biomass burning and associated BrC evolutions
(Cheng et al., 2020; Li et al., 2020a; Jiang et al., 2019; Tiitta
et al., 2016; Hartikainen et al., 2018). Their results demon-

strated that both the nighttime aging of BBOA aerosols and
biomass burning VOC precursors such as pyrrole can poten-
tially act as important sources of SOA and BrC. However,
contributions derived from laboratory studies cannot be di-
rectly linked with SOA and BrC contribution magnitudes
within ambient nighttime atmosphere. Kodros et al. (2020)
further highlighted the importance of nighttime processing
of biomass burning emissions as an important global source
of SOA based on combined results from laboratory and field
observations.

Nevertheless, field measurements that observe nighttime
evolutions of biomass burning plumes and directly confirmed
significant contributions of SOA and BrC from nighttime ag-
ing of biomass burning emissions are largely lacking. Only
one field measurement study has observed a substantial in-
crease in BrC light absorption during a night-long biomass
burning event and identified nitroaromatics in abundance
within aged BBOA aerosols, contributing greatly to light ab-
sorption (Lin et al., 2017; Bluvshtein et al., 2017). Based on
this study, it was hypothesized that nighttime chemistry in-
volving NO3 radical oxidation of primary BBOA might play
a significant role in BrC transformation. Nighttime condi-
tions are typically characterized by high atmospheric relative
humidity (RH) caused by temperature decreases, therefore
likely resulting in abundant aerosol water which might favor
aqueous SOA and BrC formation (Wang et al., 2019b). How-
ever, most previous laboratory studies have not investigated
the role of RH or multiphase chemistry in the nighttime ag-
ing of biomass burning plumes. Kodros et al. (2022) found
that the nighttime oxidation of biomass burning emissions
was sensitive to RH; however, they could not conclude what
role RH played. Their results demonstrated that the homoge-
nous gas-phase oxidation and the subsequent condensation of
lower-volatility vapors were probably the dominant process.
However, they could not rule out the possible role of hetero-
geneous oxidation processes. In addition, biomass burning
emissions were injected into the air where abundant aerosols
(including organics and inorganics) already exist whose over-
all water uptake abilities are likely much higher than pri-
mary biomass burning aerosols, which is closer to being hy-
drophobic under subsaturated conditions (Tao et al., 2024).
However, roles of existing background aerosols in aging of
biomass burning plumes were rarely investigated. Therefore,
how nighttime NO3 radical chemistry coordinates with het-
erogenous multiphase reactions under high-RH conditions to
affect SOA and BrC formations remains unexplored. Adding
to this knowledge gap is how biomass burning emissions
contribute to SOA and secondary BrC formation.

In this study, we report substantial amounts of highly ab-
sorptive SOA likely formed during nighttime mainly from
biomass burning emissions. The potential formation mecha-
nisms of nighttime SOA formation are investigated based on
real-time measurements of parameters such as gaseous pol-
lutants, aerosol physical and chemical properties, and me-
teorological factors. Our results revealed that coordinated
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nighttime multiphase chemistry of biomass burning emis-
sions likely formed highly absorptive SOA, which improved
our current understanding of the nighttime aging of biomass
burning emissions and might also have significant implica-
tions for cloud processing of biomass burning. Additionally,
this study is a companion paper to Luo et al. (2022), where
we proposed an improved absorption Ångström exponent
(AAE) ratio method for deriving multiwavelength BrC ab-
sorptions from multiwavelength aerosol absorption measure-
ments using an Aethalometer and investigated comprehen-
sively the size distribution, absorption and scattering, and the
refractive index of primary BBOA.

2 Materials and methods

2.1 Field measurements

A field campaign was conducted from 30 September to
17 November 2019 at a regional background site of the
Pearl River Delta. This site is located in the countryside
of Heshan county, about 55 km away from the megacity of
Guangzhou and on the top of hill whose surroundings are
small villages and residential towns. Routine observations
of air pollutants such as carbon monoxide, ozone, nitrogen
dioxides, and PM2.5 (particulate matter with aerodynamic
diameter less than 2.5 µm) and meteorological parameters
such as RH, temperature, and wind speeds and directions
(model WXT520, Vaisala, Finland) were managed by the
provincial environmental monitoring authority, and this site
is authorized as a regional background supersite. During the
observation period, intensive aerosol measurements includ-
ing aerosol optical properties, aerosol size distributions, and
aerosol chemical compositions were also performed to in-
vestigate relationships between aerosol physical properties
and aerosol chemical compositions. The aerosol scattering
properties and aerosol hygroscopicity were measured using
a humidified nephelometer (Aurora 3000) system (Kuang et
al., 2021). Aerosol absorptions of multiple wavelengths were
measured using an Aethalometer (AE33; Magee AE33; Dri-
novec et al., 2015). Aerosol size distributions were measured
jointly by using a scanning mobility particle sizer (SMPS;
TSI 3080) and an aerodynamic particle sizer (APS; TSI Inc.,
model 3321). For more details on the site and setup of in-
struments, please refer to Kuang et al. (2021) and Luo et
al. (2022).

The submicron aerosol chemical compositions were
measured using a soot particle high-resolution time-of-
flight aerosol mass spectrometer (SP-AMS; Aerodyne Re-
search, Inc., Billerica, MA, USA). The setup and valida-
tion of SP-AMS measurements were performed and dis-
cussed in Kuang et al. (2021) and thus are not detailed
here. Source identification of organic aerosols was per-
formed using the commonly used positive matrix factor-
ization (PMF). Two primary OA factors and four sec-
ondary OA factors are identified, and the determination of

PMF factors are thoroughly discussed in Luo et al. (2022).
The two primary OA factors include biomass burning
organic aerosols (BBOAs) and hydrocarbon-like organic
aerosols (HOAs). The biomass burning emissions repre-
sent the most important primary sources during the ob-
servations as discussed in Luo et al. (2022), and its most
prominent activities were usually observed near sunset
(Fig. 1a). The four SOA factors include more-oxygenated
organic aerosols (MOOAs, O/C= 1), less-oxygenated or-
ganic aerosols (LOOAs, O/C= 0.72), nighttime-formed or-
ganic aerosols (Night-OAs, O/C= 0.32), and aged BBOAs
(aBBOAs, O/C= 0.39), named in previous work (Kuang et
al., 2021; Luo et al., 2022; Wu et al., 2024). The Night-OA
factor was characterized by its obvious correlation with ni-
trate, and they both exhibited an obvious increase after sun-
set (Fig. S1). The name of aBBOA was originally because
of its correlation with C6H2NO+4 , which is a typical frag-
ment of the aged BBOA component nitrocatechol (Bertrand
et al., 2018). However, this factor was renamed BB-SOA as
discussed in the following paragraph. The mass spectral pro-
files, time series of these organic aerosol factors, and details
about the determination of these factors are introduced in the
supplement of Luo et al. (2022). Note that the AE33 mea-
surements were only available until 1 November, while SP-
AMS measurements were available until 18 November, re-
sulting in different time frames of different time series.

Given that PMF analysis is fundamental to our study, the
mass spectral profiles of factors are provided in Fig. S1, and
key aspects of the resolved results are explained here, partic-
ularly concerning the naming of aBBOA. In previous studies
(Kuang et al., 2021; Luo et al., 2022), we already realized
that the correlation between aBBOA and C6H2NO+4 was ac-
tually weak (R = 0.31), suggesting that it might not fully
be constituted of aging products of primary BBOA consid-
ering its O/C was even lower than that of BBOA. The fol-
lowing clues demonstrate that aBBOA is mostly secondary
and formed from the gas-phase reactions: (1) aBBOA exhib-
ited similar diurnal behavior to LOOA, showing clear day-
time photochemical production (Fig. S1), and (2) the increase
in aBBOA loading enhances organic aerosol hygroscopic-
ity despite its low O/C ratio, as demonstrated by Kuang et
al. (2021). In contrast, primary organic aerosols have not
been observed to enhance overall organic aerosol hygroscop-
icity (Kuang et al., 2020b, 2024; Tao et al., 2024). (3) aB-
BOA primarily added mass to the condensation mode diam-
eter range (see discussions on OA factor size distributions
in the supplement of Luo et al., 2022), suggesting that aB-
BOA forms from vapor condensation after gas-phase reac-
tions (Kuang et al., 2020a). Furthermore, the following facts
indicate that aBBOA is formed from gas-phase reactions of
biomass burning precursors. (1) An evening peak in aBBOA
around 19:00 LT (local time) occurs just after the peak of
BBOA emissions, as shown in Fig. S1, although a small por-
tion of aBBOA may be directly emitted (the increase in aB-
BOA during BBOA emissions accounts for an average of 8 %
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of the mass increase in biomass burning events; Fig. 3 of Luo
et al., 2022). (2) The daytime formation of aBBOA is corre-
lated with the biomass burning intensity from the previous
night (Wu et al., 2024). (3) The high absorptivity of aBBOA
(introduced in Sect. 3.1) is comparable to SOA formed from
biomass burning precursors (Saleh et al., 2013). As demon-
strated in previous indoor experiments on biomass burning
emissions (Yee et al., 2013; Ahern et al., 2019), SOA forma-
tion from gas-phase reactions could have a low O/C during
short oxidation periods, which helps explain the low O/C of
aBBOA. Given these convincing arguments, the original des-
ignation of aBBOA may not be appropriate. Therefore, we
have renamed this factor BB-SOA to reflect that it is an SOA
factor related to biomass burning emissions.

2.2 Quantification of BrC absorptions

In Luo et al. (2022), we proposed an improved AAE ratio
method to subtract brown carbon (BrC) absorptions from
measured total aerosol absorptions during this field cam-
paign. The details of this method can be found in Luo et
al. (2022). We only introduce briefly the framework of the
new method here. The essential part of deconvolving BrC
absorptions from total aerosol absorptions is the adequate
representation of black carbon (BC) spectral absorptions us-
ing the Ångström exponent law. Results of previous stud-
ies (Wang et al., 2018a; Li et al., 2019) demonstrated that
the significant wavelength dependence of AAEBC and the
constant assumption of AAEBC in BrC absorption retrievals
might lead to significant bias. Thus, the AAE ratio defined as
RAAE(λ)= AAEBC, λ−880/AAEBC, 950−880 was proposed to
tackle spectral AAEBC variations, and online measurement
data of AAE950−880 were used as AAEBC, 950−880 due to neg-
ligible absorption contributions of BrC at wavelengths of 880
and 950 nm. Thus, BrC absorptions (σBrC) at different wave-
length (λ) including 370, 470, 530, 590, and 660 nm can be
derived using the following formula, where σa is measured
aerosol absorption.

σBrC (λ)= σa (λ)− σBC (880nm)

×

(
880
λ

)AAEBC, 950−880×RAAE(λ)

(1)

From the sophisticated discussions in Luo et al. (2022), vari-
ations in many factors such as BC refractive index, coat-
ing shell refractive index, BC mixing state, and BC mass
size distributions (Li et al., 2019) influence the magnitudes
of RAAE(λ). However, sensitivity tests shown in Luo et
al. (2022) clearly concluded that BC mass size distributions
dominated RAAE(λ) variations. In the Heshan campaign, the
BC calibration for SP-AMS was not available. The carbon
signals were used to retrieve the shape of the BC mass size
distribution, and the total mass was constrained by the ratio
between integrated Cx (C1–C9) signals and BC mass concen-
trations provided by the AE33. The real-time-measured car-

bon fragment (Cx) distributions by the SP-AMS were there-
fore used to distribute the total BC mass to different diameter
bins (Eq. 8 in the supplement of Luo et al., 2022) to calculate
RAAE(λ), as introduced in Luo et al. (2022). Details of the
calculation can be found in their supplement. The average
and standard deviations of RAAE (370), RAAE (470), RAAE
(520), RAAE (590), and RAAE (660) are 0.79 (±0.044), 0.85
(±0.038), 0.88 (±0.035), 0.9 (±0.035), and 0.93 (±0.031)
during the observation period.

3 Results and discussions

3.1 Highly absorptive SOA formed during nighttime

As reported by Luo et al. (2022), biomass burning events
happened frequently during the observation period and
biomass burning was the dominant source of primary or-
ganic aerosols with the average BBOA/HOA ratio of 3.3.
Significant contributions of BrC to total aerosol absorptions
(Fig. S2a), together with the strong biomass burning emis-
sions before dusk (Luo et al., 2022), provided a unique op-
portunity to explore the nighttime chemistry associated with
biomass burning and its impacts on atmospheric BrC evo-
lution in biomass burning plumes. Time series of retrieved
σBrC,370 and BBOA are shown in Fig. 1a. It shows that
BBOA varies quite consistently with σBrC,370 and they are
highly correlated (R = 0.88; Fig. S2b), demonstrating the
dominant contribution of BBOA to BrC absorptions. How-
ever, the correlation coefficient between BBOA and σBrC de-
creases as the wavelength increases; i.e., the correlation co-
efficients between σBrC at 470, 520, 590, and 660 nm and
BBOA are 0.83, 0.8, 0.76, and 0.69 (Fig. S2b–f). In addition,
as shown in Fig. 1a, coordinate variations between BBOA
and σBrC,370 are usually seen during daytime, especially dur-
ing the dusk BBOA spike periods. However, the σBrC,370
sometimes deviates substantially from BBOA variations dur-
ing the nighttime (gray areas in Fig. 1). The average diur-
nal variations in both σBrC,370 and the ratio σBrC,370/BBOA
are presented in Fig. 2a. Quick σBrC,370/BBOA increases
were observed during nighttime before 06:00 LT. These re-
sults demonstrate that organic aerosol components other than
BBOA might also contribute substantially to BrC absorption
and differ much at different wavelengths as indicated by dis-
tinct correlations between BBOA and σBrC,370 at different
wavelengths.

The time series of OA factors other than BBOA are also
shown in Fig. 1b–d. As analyzed in Kuang et al. (2021),
SOA contributes dominantly to total OA mass (SOA mass
fraction> 70 % on average) during this field campaign. The
most prominent features of SOA formations are the quick
daytime formation of LOOA and BB-SOA and the nighttime
formation of Night-OA, while MOOA exhibits almost
no diurnal variations and are mostly associated with the
regional air mass. The average mass absorption efficiencies
(MAEs, defined as absorption coefficient per unit mass,
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Figure 1. Time series of (a) brown carbon absorption at 370 nm (σBrC,370) on the left axis and BBOA on the right axis. (b) LOOA and
MOOA, (c) BB-SOA and HOA, and (d) Night-OA on the left axis and RH on the right axis. Shaded areas represent nighttime periods.

m2 g−1) of different OA factors are retrieved using the
multivariate linear regression method which is commonly
used for this purpose (de Sá et al., 2019; Kasthuriarachchi
et al., 2020). The multivariate linear regression method
was expressed as σBrC(λ)= [HOA]×MAEHOA(λ)+
[MOOA]×MAEMOOA(λ)+ [LOOA]×MAELOOA(λ)+
[BBOA]×MAEBBOA(λ)+[Night-OA]×MAENight-OA(λ)+
[BB-SOA]×MAEBB-SOA(λ), where [OA factor] represents
mass concentration and λ represents optical wavelength.
Note that the MAE retrieval using the multilinear regression
bears uncertainties and is affected by many factors; i.e.,
it is not completely independent of factors. The deduced
average MAE values at 370 nm for BBOA, BB-SOA, HOA,
LOOA, MOOA, and Night-OA are 3.8, 0.84, 0.24, 0, 1, and
2.3 m2 g−1, respectively (fitting performance was shown in
Fig. S3). Note that negative value of about −0.1 is retrieved
if LOOA values were inputs of the multivariate linear regres-
sions, demonstrating quite low absorptivity of LOOA. Thus,
the MAE of LOOA is treated as zero. As shown in Fig. 1b,
rapid LOOA formation episodes happened frequently during
daytime, but σBrC,370 still varies only with BBOA during
that period, which confirms the white property of LOOA.
The derived MAE of HOA is very small, which is consistent
with the low absorptivity of HOA during HOA spikes. The
prominent BrC factors are identified as BBOA, Night-OA,
MOOA, and BB-SOA. The most surprising part is the highly
absorptive property of Night-OA whose absorptivity is only
lower than that of BBOA but much higher than other OA
factors. Based on derived MAE values for OA factors as well
as their mass concentrations, contributions of OA factors to

σBrC,370 are estimated and their diurnal variations are shown
in Fig. 2b. It reveals that Night-OA accounts for the second
largest contribution to BrC absorption during nighttime and
even approaches the contribution of BBOA near 06:00 LT
(>30 %), which explains the observed substantial nighttime
deviation of σBrC,370 from BBOA as shown in Fig. 2a.
The average contributions of BBOA, Night-OA, MOOA,
and BB-SOA to σBrC,370 are 50 %, 20 %, 16 %, and 12 %,
respectively. The time series of estimated OA contribu-
tions to BrC absorption at 370 nm are shown in Fig. S4,
demonstrating that Night-OA sometimes even contributes
dominantly (>50 %) to σBrC,370 especially when a rapid
increase in Night-OA appeared during the night.

Different BrC components usually exhibit different ab-
sorption spectral dependences (Laskin et al., 2015). Diurnal
variations in AAE370–470, BrC are investigated and shown in
Fig. 2c. The AAE370–470, BrC exhibits distinct diurnal varia-
tions, with one peak at dusk when BBOA reaches its high-
est mass concentration and a trough at the time when Night-
OA contributes most to and BBOA contribute the least to
σBrC,370. This phenomenon suggests that spectral depen-
dence of Night-OA absorptivity differs much from that of
BBOA. The aforementioned multivariate linear regression
method is thus also used for retrieving MAEs of BBOA
and Night-OA at wavelengths of 470, 520, 590, and 660 nm.
The overall fitting performance of using retrieved MAE val-
ues at multiple wavelengths is shown in Fig. S3. The re-
trieved spectral dependence of BBOA and Night-OA absorp-
tivity is shown in Fig. 2d. The results show that Night-OA
cloud likely absorbs as strongly as that of BBOA at visi-
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ble wavelength ranges, suggesting a more important role of
Night-OA in BrC absorption than expected from the retrieval
of σBrC,370. The retrieved AAE370–470 and AAE470–590 for
BBOA are 3 and 5.9 and for Night-OA 1.3 and 6, which ex-
plains the observed quick decrease in AAE370–470, BrC dur-
ing nighttime. The direct quantification of AAE370–470 and
AAE470–590 for BBOA is difficult due to the entanglement
of BC absorption and is thus rarely reported. The retrieved
AAE470–590 for BBOA and Night OA is in general consistent
with the AAE of bulk BrC solutions (AAE300–600 of near 6)
extracted using different solvents which were sampled dur-
ing and after a nighttime nationwide biomass burning event
(Lin et al., 2017).

The Night-OA was named because of its prominent night
increase (Fig. 3a) and has previously been speculated as be-
ing secondary because of its tight correlation with nitrate.
However, Night-OA has a relatively low O/C ratio of 0.32,
raising the question of whether it originates from primary
emissions or secondary formation. As discussed in Luo et
al. (2022), traffic, cooking (the HOA and cooking-related
OA were not separated in the PMF results, although the
hydrocarbon-like factor was named HOA as discussed in
Kuang et al., 2021), and biomass burning are likely the domi-
nant primary sources during this campaign. If Night-OA was
a primary source, it would be expected to increase along-
side other primary sources. We identified most Night-OA in-
crease events and examined their correlation with variations
in other primary sources, as shown in Fig. 3b–e. This analy-
sis reveals that Night-OA increases were typically observed
after sunset, though occasionally during the daytime. Night-
OA increases showed weak correlations with changes in CO
(R = 0.25), HOA (R = 0.1), and BBOA (R =−0.15) but a
moderate correlation with NOx (R = 0.55). During signifi-
cant biomass burning events (indicated by substantial BBOA
increases), the concentration of Night-OA decreased on aver-
age (Fig. 3 of Luo et al., 2022), suggesting that Night-OA is
unlikely to be emitted from biomass burning. We also iden-
tified all significant HOA increase events that did not coin-
cide with biomass burning and analyzed the average HOA in-
crease and variations in other aerosol components (Fig. S2).
It shows that, despite significant HOA increases, the aver-
age mass concentration of Night-OA remained almost un-
changed, indicating that Night-OA is also unlikely to orig-
inate from HOA-associated emissions. Therefore, the weak
but positive correlations between Night-OA and HOA as well
as CO are likely associated with the accumulation character-
istics of primary emissions after sunset. The higher corre-
lations between Night-OA and NOx may also result from
the accumulation of NOx starting in the afternoon when
photochemical depletion is weaker. Another possibility to
consider is whether Night-OA increases could be associ-
ated with plumes containing higher NOx transported from
other regions. We investigated the diurnal variations in the
Night-OA/CO and Night-OA/NOx ratios. If Night-OA was
transported together with NOx , their ratio would retain char-

acteristics such as remaining near constant. However, per-
sistent increases in Night-OA/CO and Night-OA/NOx ra-
tios were observed when significant Night-OA formation be-
gan. This suggests that Night-OA is likely formed through
secondary processes that would result in a ratio increase
in Night-OA for both NOx and CO, consistent with its be-
ing also correlated with nitrate (R = 0.67). The low O/C of
Night-OA, still higher than that of the primary factor HOA,
was determined by a high amount of CxH+y ions. However,
the Night-OA was also characterized by the significant in-
tensity of oxidation tracers C2H3O+ and CO+2 , suggesting
that Night-OA was an oxidation product with a low oxida-
tion state during the nighttime. A similar situation was pre-
viously found in a study at Bakersfield, USA, in which Liu
et al. (2012) identified SOA factors as alkane SOA and aro-
matic SOA with moderate O/C (0.27–0.36). Simultaneously,
NOx potentially promoted its formation, given the highest
N/C ratio of Night-OA among all resolved factors. This will
be discussed further in Sect. 3.2.

3.2 Precursors and possible mechanisms of the
Night-OA formation

As shown in Figs. 1a and 2d, the Night-OA concentration
increased during the nighttime and usually decreased and
reached near zero in the afternoon. Therefore, the Night-
OA factor is characterized by its rapid nighttime formation
and quick daytime loss (through practices like repartitioning
and photodegradation). In general, SOA can be formed either
through condensation of gas-phase chemically aged low- or
semi-volatile VOC precursors following the gas–particle par-
titioning theory (Odum et al., 1996) or in the aqueous phase
through further oxidation of water-soluble primary VOCs as
well as secondary products of gas-phase VOC aging pro-
cesses (Blando and Turpin, 2000; Ervens et al., 2011), with
the former referred to as gasSOA and the latter referred to
as aqSOA (Kuang et al., 2020a). Recent research has re-
vealed that SOA can also be formed through the oxidation of
semi-volatile components evaporated from emitted primary
organic aerosols in the gas phase (Palm et al., 2020) or in the
aqueous phase (Wang et al., 2021). Considering the highly
absorptive characteristics of secondarily formed Night-OA,
exploring the sources and formation pathways of Night-OA
is of great importance in evaluating the importance of Night-
OA formations in the global atmosphere.

3.2.1 Evidence of biomass burning emissions as
precursor source of Night-OA formation

The VOC profiles of this observation site are quite complex
as mixtures of both different anthropogenic sources and nat-
ural sources (Song et al., 2019). However, prominent and
continuous Night-OA formation events observed from 19 to
22 October which are accompanied by frequently observed
sharp increases in BBOA mass concentrations at nightfall of-
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Figure 2. (a) Diurnal variations in σBrC,370 and the ratio σBrC,370/BBOA. (b) Diurnal variations in contributions of different OA factors
to σBrC,370. (c) Average diurnal variations in brown carbon absorption Ångström exponent between 370 and 470 nm. (d) Retrieved mass
absorption efficiencies (MAEs) of BBOA and Night-OA at multiple wavelengths using the multilinear regression model.

Figure 3. (a) Diurnal variations in nitrate, Night-OA, and BBOA. (b)–(e) Relations between increases in Night-OA and increases in CO,
BBOA, HOA, and NOx for identified Night-OA increase cases; colors of scatter plots represent the average local time of Night-OA increase
cases. (f) Diurnal variations in the ratios Night-OA/CO and Night-OA/NOx on the left axis and NOx on the right axis.
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fer hints that Night-OA formation might be associated with
biomass burning emissions. Indeed, the air is always in mo-
tion and behaves in a Lagrangian manner. Although the ob-
servation location is fixed, the information collected at dif-
ferent times corresponds to signals from different air parcels.
However, if the biomass burning events are regionally rep-
resentative, the relationship between the observed increase
in Night-OA signals after midnight and the biomass burn-
ing emission signals before midnight may still provide valu-
able insights. The average nighttime mass concentrations of
Night-OA from 22:00 to 06:00 LT (the next day) are plotted
against the average BBOA mass concentrations from 16:00
to 22:00 LT of this campaign, and the results are shown in
Fig. 4a. It shows that Night-OA formation is positively cor-
related with BBOA from the night before, which supports the
speculation that Night-OA formation is a result of the night-
time chemistry of biomass burning emissions. The night-
time oxidant levels indicated by the concentrations of Ox
(NO2+O3) represented by colors in Fig. 4a demonstrate
that the highest Night-OA formation was accompanied by
the strongest biomass burning emissions and the most abun-
dant oxidants, suggesting the importance of nighttime ag-
ing processes in Night-OA formation. The following evi-
dence shows that gas-phase and aqueous-phase chemistries
of biomass burning precursors likely have coordinated to pro-
mote the quick nighttime formation of Night-OA.

3.2.2 Evidence of nighttime multiphase processes that
promoted Night-OA formation

Three obvious Night-OA formation episodes which lasted
more than 3 d, as shown in Fig. S6, were observed during the
entire field campaign. The peak Night-OA mass concentra-
tion of each night increased during these episodes and was
accompanied by an increase in nighttime peak RH during
each episode, suggesting that abundant nighttime aerosol wa-
ter might play a significant role in Night-OA formation. More
solid clues could be found from different behaviors of gas-
SOA and aqSOA formations in modifying the aerosol size
distribution. The gasSOA forms through condensation fol-
lowing partitioning theory, thus adding mass mainly to the
condensation mode which contributes most to aerosol sur-
face area concentrations (Kuang et al., 2020a; Zhai et al.,
2023), whereas aqSOA formation depends on the amount of
liquid water content, thus adding mass mainly to the mode
where most aerosol water resides. The evolution of the aver-
age OA size distribution during the night of 20 and 21 Octo-
ber when the most prominent Night-OA formation occurred
is illustrated in Fig. 4b. During the two nights from 22:00 to
06:00 LT, Night-OA formations contributed most to the mass
concentration increase of all OA, and HOA contributed less,
while mass concentrations of all other OA factors decreased
and partially balanced out the OA increase (Fig. 4c). HOA
emissions mainly added mass to the diameter ranges of 100–
300 nm as demonstrated by Luo et al. (2022). However, as

shown in Fig. 4b, a substantial increase in mass concentra-
tions at a diameter range >300 nm occurred. All other SOA
factors even showed a decreasing trend for the case shown
in Fig. 4c, suggesting that the substantial OA mass increases
larger than 300 nm are being contributed by the Night-OA
increase. The results shown in Fig. 4d demonstrate that the
size-resolved increase in OA mass for the abovementioned
cases (Fig. 4b and c) was highly correlated with size-resolved
aerosol liquid water content (details about the size-resolved
aerosol water content calculation are presented in Sect. S1
of the Supplement), demonstrating that the Night-OA for-
mation added mass mainly to aerosol water-abundant diame-
ter ranges. The average RH of the cases shown in Fig. 4b–d
is around 80 %, with a corresponding average hygroscopic-
ity parameter κ of 0.26 measured by the humidified neph-
elometer system, demonstrating a growth factor of ∼ 1.27
(water thickness of ∼ 81 nm for aerosol diameter of about
300 nm), thus not a thin film of water for heterogeneous
reactions, but it more likely formed through dark aqueous
reactions. Primary biomass burning aerosols are nearly hy-
drophobic under subsaturated conditions due to abundant or-
ganics (Kuang et al., 2024; Tao et al., 2024), meaning that
multiphase chemistry involving preexisting background hy-
groscopic aerosols plays a significant role in the aging of
biomass burning plumes.

In addition, as shown in Fig. S7, the Night-OA decreased
quickly during daytime, which is beyond the dilution ef-
fect of boundary layer development (indicated by rapid de-
crease in Night-OA/CO as shown in Fig. S7). The substan-
tial daytime loss of Night-OA which might be caused by sev-
eral processes, such as partitioning evaporation, photodegra-
dation (Wang et al., 2023b), and chemical transformations.
The partitioning dynamics of gasSOA and aqSOA also dif-
fer much, which might add more information when looking
into the Night-OA formation pathway. Following the rule of
partitioning theory, the evaporation equilibrium of the con-
densation of gasSOA is tightly associated with air tempera-
ture. Equilibrium of the reversible aqSOA formation greatly
depends on aerosol water changes, while evaporation of irre-
versible SOA production through aqueous pathways is quite
sophisticated (Tong et al., 2021). It was found that the per-
centile of Night-OA mass loss during the daytime (07:00 to
16:00 LT) is more tightly correlated with RH decrease com-
pared with temperature increase (Fig. S8). HOA also exhibits
obvious evaporation during daytime (indicated by a rapid
decrease in HOA/CO; Fig. S7); however, the daytime loss
of HOA seems more tightly correlated with temperature in-
crease as shown in Fig. S9. The phenomenon that Night-OA
daytime loss is more correlated with RH decrease implied
that part of Night-OA possibly co-evaporated with water va-
por as RH decreases. This might serve as a weak but still
supportive clue for how Night-OA was likely formed through
aqueous pathways and is maybe reversible.

As revealed by Fig. 4a – that nighttime oxidation levels
play a significant role in Night-OA formation – the question
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Figure 4. (a) Correlations between average nighttime Night-OA mass concentrations and average BBOA mass concentrations over LT16–
22 (local time 16:00 to 22:00 LT), the colors corresponding to the average Ox (NO2+O3) mixing ratio (ppb) during the night. (b) Average
evolutions of organic aerosol mass size distributions from local time 22:00 (20, 21 October) to 06:00 (21, 22 October), the gray band showing
the size range of 100–300 nm. (c) Average differences for organic aerosol (OA) mass concentration corresponding to (b). (d) The correlations
between the increase in size-resolved organic mass concentrations in (c) (LT06 minus LT22: local time 06:00 minus local time 22:00) with
average size-resolved aerosol liquid water content (ALWC).

of the role of nighttime gas-phase chemistry in promoting the
Night-OA formation is left open.

The average diurnal variations in gas pollutants and mete-
orological parameters typical of nighttime chemistry includ-
ing NO, NO2, O3, Night-OA, nitrate, RH, and BBOA for the
most prominent Night-OA formation case (20 to 21 Octo-
ber, consistent with Fig. 4b) are shown in Fig. 5. At night,
NO2 and NO3 radicals do not photolyze. NO reacts rapidly
with O3, and as a result almost all NOx is converted to NO2
(Fig. 5a). NO2 will further react with O3 to form the NO3
radical, which is the most important gas-phase oxidant dur-
ing the nighttime (Chapleski et al., 2016). In this case, NO2
concentration increased substantially before the sunset, but
the trend ended and shifted suddenly to a decrease when
BBOA emissions were highest and then decreased rapidly
along with the dropping BBOA mass concentration. The re-
duction in BBOA mass concentration mainly attributed to the
end of local combustion events might also be associated with
BBOA evaporation after its strong emissions due to the mix
of biomass burning plumes with background air mass. This
dilution effect shall deliver semi-volatile VOCs such as phe-
nolic compounds from the particle phase to gas phase (Palm

et al., 2020). The Night-OA increased slowly during the rapid
NO2 decrease phase, but the nitrate concentration increased
substantially with decreasing O3 concentration (still higher
than 30 ppb as shown in gray shaded areas). The hydroly-
sis of N2O5 (Evans and Jacob, 2005; Bertram and Thornton,
2009; Wang et al., 2017; Chen et al., 2018; Wang et al., 2020)
that is formed from the NO2 addition of NO3 radicals (Se-
infeld and Pandis, 2016; Fan et al., 2022) represents an im-
portant pathway of nitrate formation during the nighttime pe-
riod. The rapid decrease in NO2 coincident with the quick ni-
trate formation implies that the rapid NO2 consumption sup-
plied the NO3 and N2O5 reaction chains (Yang et al., 2022;
Wang et al., 2023a), providing abundant NO3 radicals dur-
ing the initial stage of Night-OA formation and likely initial-
ized the Night-OA formation (Rollins et al., 2012; Kiendler-
Scharr et al., 2016; Decker et al., 2019). The active nighttime
NO3 chemistry and its impacts on nitrate formations during
the observation periods were further confirmed by Yang et
al. (2022), who conducted box model simulations. In addi-
tion, Li et al. (2020a) demonstrated that night NO3 radicals
darkened the BBOA with the MAE enhancement ratio range
from 1.3 to 3.2 for optical wavelengths of less than 650 nm.
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Figure 5. Average diurnal variations in (a) NO2, NO, and O3 and (b) Night-OA, nitrate, BBOA, and RH during the two nights – 20 to
21 October – when the most prominent Night-OA formation occurred. Shaded areas represent periods of Night-OA increase, and blue parts
correspond to the remarkable increase period of Night-OA.

The retrieved average MAE of BBOA through multilinear
fitting was higher than the average MAE of freshly emitted
BBOA during BBOA spikes as reported by Luo et al. (2022)
(3.8 vs. 2.6 m2 g−1). This result suggests the possible dark-
ening of primary BBOA, which is consistent with the pre-
vailing nighttime NO3 chemistry processes during the ob-
servations (Yang et al., 2022). The highest Night-OA pro-
duction rate occurred when both NO2 and NO began to in-
crease (O3 still decreased rapidly and reached below 30 ppb,
shown as the blue shaded area) and the RH reached near its
maximum. These characteristics further highlight the crucial
role of aerosol liquid water content in Night-OA formation.
However, the quick increase in NO2 and NO implies that
the dominant contribution of NO2 formation to O3 depletion
(Wang et al., 2023a) was during the quick Night-OA increase
stage. At this stage, the NO3 radical chemistry have ceased
and likely did not directly participate in the succeeding quick
aqueous-phase Night-OA formation. Nevertheless, the quick
depletion of O3 and the increase in NO2 with the quick-
est Night-OA formation occurred demonstrate that the NO2
might play a significant role in the subsequent quick Night-
OA formation. These results demonstrate that the aqueous-
phase processing of biomass burning emissions with abun-
dant NO2 could likely form highly absorptive SOA, while
the nighttime gas-phase chemistry with typically high NO2,
NO3 radicals, and RH could likely magnify the Night-OA
formation.

A previous field study (Lin et al., 2017) demonstrated that
most chromophores were nitroaromatic compounds (NACs)
during the observed nighttime bonfire event with the ma-
jor contribution to the solvent-extractable BrC. In this study,
the NAC contribution to BrC absorption increased towards
near-visible wavelengths, and this characteristic is consis-
tent with the aforementioned BrC absorption spectral depen-
dence characteristics in Sect. 3.1. Actually, the relatively low
O/C of Night-OA and high N/C and H/C ratios (0.04 and
1.89, even higher than those of BBOA which are known to
be composed of complex nitrogen-containing compounds)

were consistent with the features (low O/C, high N/C (ring-
and N-containing structures of NACs), and low hygroscop-
icity) of aerosols that involved such nitro-phenolic com-
pounds (Chen et al., 2022). These compounds are secon-
darily formed from reactions of cyclic aromatics that in-
volve NO3 radical chemistry (Rana and Guzman, 2022; May-
orga et al., 2021) during nighttime which likely have larger
molecular weight and thereby lower hygroscopicity (Wang
et al., 2019a; Price et al., 2022; Petters et al., 2009). The in-
creased loading of Night-OA would lower organic aerosol
hygroscopicity, which was confirmed previously by Kuang
et al. (2021). The high N/C of Night-OA was consistent with
its strong absorptivity considering that aerosol absorptions
are generally linked with N-containing components (Qin et
al., 2018; Kasthuriarachchi et al., 2020). However, an N/C
of 0.04 implies the complex structures of Night-OA compo-
nents. These results also demonstrate that NACs are proba-
bly key components of the Night-OA factor, considering that
biomass burning was indeed an important source of precur-
sors (Li et al., 2020b; Decker et al., 2019) in forming NACs.
This is consistent with the inference that precursors of Night-
OA came from biomass burning. On the basis of the lim-
ited existing literature, Wang et al. (2019c) have summarized
the secondary NAC formation pathways of benzene, toluene,
phenol, and methylcatechol which represented a significant
fraction of biomass burning VOC emissions (Stockwell et
al., 2015). Their findings emphasized that the NO3 radical
does not directly participate in the aqueous-phase reactions
in NAC formation reaction chains but first oxidizes these pre-
cursors into intermediate products which then react with NO2
to form nitrophenols and nitrocatechols that are further oxi-
dized in the particle phase to generate NACs. This gas-phase
oxidation and the subsequent particle-phase reaction chains
of NAC production may explain the observed Night-OA for-
mation characteristics in that the most-prominent Night-OA
formation occurred after the strongest NO3 radical chemistry
when the aerosol liquid water content was abundant, there-
fore highlighting the great importance of nighttime multi-
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phase chemistry in Night-OA formation. Aside from the case
shown in Fig. 5, a much higher correlation coefficient be-
tween nighttime average Night-OA mass concentration and
nighttime average Ox concentrations than that of NO2 shown
in Fig. S10 for the entire campaign (0.58 vs. 0.39) was re-
vealed. This result further stresses that the coordination of
nighttime gas-phase and aqueous-phase chemistry was re-
sponsible for the quick Night-OA formation. In addition, ob-
vious daytime increase in Night-OA was occasionally ob-
served (Figs. S11 and S12), as mentioned in Sect. 2 when the
RH remained high and NO2 and biomass burning emissions
increased substantially. These results further emphasize that
NO2 might play a significant role in aqueous-phase reactions
of oxidized biomass burning precursors which might be di-
rectly emitted or transformed through active nighttime NO3
chemistry (Decker et al., 2019).

4 Environmental and climate significance

Biomass burning emissions, as one of the largest sources
of primary aerosols and the second largest source of VOCs,
have an increasingly greater impact on the regional air qual-
ity and global climate under the context of global warming
(Running, 2006). However, the lack of knowledge on the
complex chemical aging of biomass burning plumes during
its transport hinders the accurate representation of biomass
burning VOCs and BBOA evolution in air quality and climate
models. Kodros et al. (2022) concluded based on laboratory
experiments that the dark aging of biomass burning emis-
sions was sensitive to RH. Their results suggested that the
SOA was mainly formed through the condensation of gas-
phase oxidation products, however, not ruling out the possi-
bility of heterogeneous oxidations. This study highlights that
nighttime gas-phase chemistry of biomass burning VOC pre-
cursors in conjunction with further aqueous-phase reactions
likely contributed substantially to ambient SOA that is highly
absorptive. Although more comprehensive studies about de-
tailed mechanisms are needed and the robustness of the con-
clusion in this study needs to be further examined, the ex-
act types of fires during this campaign are not known. Still,
this finding has important implications for our understanding
of the nighttime evolution of biomass burning plumes. Field
observations in this study revealed the abundant existence
of highly hygroscopic inorganic components within ambient
aerosols that contributed substantially to aerosol liquid wa-
ter in ambient air, while aerosols produced in the chamber
of Kodros et al. (2022) were dominated by organics (only
with very small amounts of inorganic nitrate formed dur-
ing the aging processes) which might have inhibited aque-
ous reaction pathways. Inspired by this study, future labo-
ratory studies investigating the nighttime aging of biomass
burning plumes should consider not only the high nighttime
RH conditions, but also the complex mixture of background

hygroscopic aerosols with biomass burning emissions when
simulating aerosols within biomass burning plumes.

In addition, biomass burning plumes might form convec-
tive clouds under strong ground surface heating and moisture
release (pyrocumulus clouds or pyrocumulonimbus clouds)
(Andreae et al., 2004; Fromm et al., 2006; Cunningham and
Reeder, 2009; Lareau and Clements, 2016) or interact with
clouds and/or fogs during long-range transport (Engelhart
et al., 2011). Clouds and fogs provide large amount of liq-
uid water regardless of day or night, while active photo-
chemistry in biomass burning plumes may increase O3 and
NO2 production (Hecobian et al., 2011; Marufu et al., 2000;
Ziemke et al., 2009) (biomass burning also emits NO2 di-
rectly as shown in Fig. 5), likely promoting NO3 radical pro-
duction (Selimovic et al., 2020) during nighttime. This sug-
gests a potential formation of highly absorptive SOA in cloud
droplets, which results in even browner cloud droplets, im-
pacting cloud optical properties, cloud lifetime (e.g., promot-
ing cloud burning-off effect), and precipitation. Especially
since violent pyroconvection can penetrate the stratosphere,
the darkening of clouds might have regional impacts on
cloud properties as well as radiative balance. Moreover, the
biomass burning plumes transported from remote areas can
sometimes mix down into the boundary layer and have a sig-
nificant impact on regional air quality (Wang et al., 2018b).
The top of the boundary layer is usually characterized by
high-RH conditions due to abundant water vapor but lower
temperatures (Kuang et al., 2016), as well as high Ox con-
centrations due to substantial anthropogenic NOx emissions
and active photochemistry. Thus, potentially large amounts
of highly absorptive SOA formation could be expected in this
kind of biomass burning plumes.

Overall, results of this study provide important insights
into nighttime evolutions of biomass burning and an un-
covered potential secondary BrC formation mechanism that
has broad implications for climate and air quality effects
of biomass burning, especially the possible interaction be-
tween biomass burning plumes with clouds in the aging pro-
cess during nighttime. However, much more effort is still re-
quired to further disentangle the complex routes of gas-phase
biomass burning VOC oxidation and subsequent aqueous-
phase reactions. Current laboratory studies or box model
simulations have not considered the important role played
by preexisting background aerosols in the aging of biomass
burning plumes. Preexisting background aerosols are gener-
ally much more hygroscopic that aerosols directly emitted
from biomass burning emissions. Clues like this are indeed
important for future laboratory studies that aim to disentangle
important reactions and mechanisms that matter for biomass
burning aging and corresponding SOA formation.
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