
Molecular Dynamics and Light Absorption Properties of
Atmospheric Dissolved Organic Matter
Hongxing Jiang, Jun Li,* Rong Sun, Chongguo Tian, Jiao Tang, Bin Jiang, Yuhong Liao, Chang-Er Chen,
and Gan Zhang

Cite This: Environ. Sci. Technol. 2021, 55, 10268−10279 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The light-absorbing organic aerosol referred to as brown carbon
(BrC) affects the global radiative balance. The linkages between its molecular
composition and light absorption properties and how environmental factors
influence BrC composition are not well understood. In this study, atmospheric
dissolved organic matter (ADOM) in 55 aerosol samples from Guangzhou was
characterized using Fourier transform ion cyclotron resonance mass spectrometry
and light absorption measurements. The abundant components in ADOM were
aliphatics and peptide-likes (in structure), or nitrogen- and sulfur-containing
compounds (in elemental composition). The light absorption properties of ADOM
were positively correlated with the levels of unsaturated and aromatic structures.
Particularly, 17 nitrogen-containing species, which are identified by a random
forest, characterized the variation of BrC absorption well. Aggregated boosted tree
model and nonmetric multidimensional scaling analysis show that the BrC
composition was largely driven by meteorological conditions and anthropogenic activities, among which biomass burning (BB) and
OH radical were the two important factors. BrC compounds often accumulate with elevated BB emissions and related secondary
processes, whereas the photolysis/photooxidation of BrC usually occurs under high solar radiance/•OH concentration. This study
first illuminated how environmental factors influence BrC at the molecular level and provided clues for the molecular-level research
of BrC in the future.

KEYWORDS: brown carbon, FT-ICR-MS, environmental parameters, machine learning approaches, molecular associations, Guangzhou,
biomass burning, OH radical

1. INTRODUCTION

The atmospheric light-absorbing organic aerosol (OA) referred
to as brown carbon (BrC) consists of thousands of freshly
emitted and secondary organic chromophores and can affect
the global radiative balance.1,2 Generally, the key factors
influencing the light absorption of BrC are emission sources
and atmospheric processes, which can change the molecular
composition (e.g., elemental composition or structure) of OAs
and ultimately affect light absorption by BrC.3,4 Numerous
studies have directly characterized the molecular differences of
source-emitted OAs from biomass burning (BB), coal
combustion, and vehicle emissions, with the different sources
resulting in differences in BrC light absorption.5−8 However,
when fresh OAs enter the atmosphere, light absorption by BrC
is affected by meteorological parameters such as ultraviolet
(UV) exposure time,7,9,10 ozone (O3) levels, and the presence
of the OH radical (•OH),11,12 which lead to photolytic aging
or photooxidation bleaching, finally diminishing light absorp-
tion. Organic precursors will also react with anthropogenic
species including ammonia (NH3), nitrogen oxides (NOx), and
sulfur dioxide (SO2) to form secondary BrC, which results in

significant enhancement in absorption in the UV−visible
(UV−vis) range.13−16
The molecular composition of the atmospheric OAs is

complicated. Only a small fraction of OAs has been identified
as BrC chromophores, such as aromatic carboxylic acid,
phenols, nitro-aromatics, and polycyclic aromatic hydro-
carbons (PAHs) and their derivatives.17−19 Many molecules,
such as aliphatic carboxylic acids/alcohols/ketones, olefinic
compounds, and peptides, exhibit low or no absorption of
near-UV−vis wavelengths, which makes it difficult to isolate
BrC components and capture specific molecular-level
information regarding BrC. The molecular dynamics of how
the transformation of BrC is affected by environmental factors
are not fully understood. Wong et al.9,20 reported that
photolytic aging and photooxidation bleaching induced
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significant changes in the light absorptivity of BrC for all
molecular weight (MW) fractions. Photo-bleaching occurred
rapidly during the direct photolysis and oxidation of low-MW
compounds but was slower for high-MW compounds, which
were dominant in photolytically aged BB-BrC. Recently, Li et
al.12,15 found that photolysis by UV light (254 nm) and
oxidation under •OH or NOx exposure increased the oxidation
state of BB-BrC. Markedly different molecular mechanisms for
oxidation following •OH or NOx exposure were characterized,
with •OH-initiated oxidation mainly attributed to the
decomposition of chromophoric aromatics, nitrogen-contain-
ing organic compounds (NOCs), and high-MW components
in fresh aerosols, whereas NOx-dependent photochemical
aging often led to the formation of organic nitrates, particularly
nitro-aromatics. Their results, in combination with many other
observations, showed that the light absorption capacity of BrC
is probably related to chemical characteristics, such as MW,21

elemental ratios of H/C and O/C,22−24 and nitrogen
content,25−27 which are influenced by atmospheric aging
processes. However, because of the molecular diversity of BrC
compounds and the complexity of atmospheric conditions, it is
difficult to acquire a comprehensive understanding of the
dynamic transformation of BrC in the ambient atmosphere.
In studies of atmospheric aerosols, the use of ultrahigh-

resolution electrospray ionization (ESI) Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR-MS) has
significantly advanced our molecular-level understanding of
atmospheric carbonaceous organic compounds.28 Despite FT-
ICR-MS only targeting the mass-to-charge ratio (m/z) rather
than absorbance, and ESI having a bias toward the detection of
low-polarity compounds, a huge number of compounds have
been detected and found to vary alongside variations in BrC
absorption, thus providing information regarding molecular
transformations.29,30 For example, significant changes in the
molecular composition of OAs alongside variations in BrC
absorption have been observed on days influenced by biomass
burning organic aerosol (BBOA), especially an enhancement
in NOCs.27,31,32 Some atmospheric processes, such as
photolysis or aging, which could lead to short half-lives (ca.
9−36 h) of BrC chromophores in fresh BBOA,7,11,33 are
consistently reflected by changes in the molecular composi-
tion.15,27

The varying characteristics of light absorption and molecular
composition under the influence of environmental variables
provide a wealth of data that can be used to study the
evolution of BrC composition in the atmosphere. Therefore,
the objective of this study was to qualitatively determine how
sources and environmental factors affect the molecular
composition and light absorption properties of BrC (general
description can be found in Text S1). We hypothesized that
carbon sources and photolysis or aging processes would play
key roles in regulating the chemodiversity of BrC at long time
scales. To validate this, we collected 55 aerosol samples over 1
year to analyze the light absorption properties, chemical
species, and molecular composition of BrC (BrC referred in
this study is only a part of atmospheric dissolved organic
matter (ADOM)). Measurements of meteorological parame-
ters and atmospheric trace gases were recorded by online
instruments during the sampling period. The findings of this
study provide a unique opportunity to determine how
environmental factors impact the molecular composition and
light absorption properties of BrC.

2. METHODS AND DATA ANALYSIS

2.1. Sample Collection, Light Absorption Properties,
and Measurement of Chemical Species. Atmospheric
PM2.5 samples were collected at an urban site in Guangzhou,
South China, using a high-volume air sampler at a flow rate of
1 m3/min. The sampling campaign lasted from July 2017 to
June 2018. Details on the sample collection process, analysis of
light absorption properties, and measurement of chemical
species can be found in our recent study.34 The chemical
species measured were elemental carbon (EC), water-soluble
inorganic ions (Na+, NH4

+, K+, Cl−, NO3
−, and SO4

2−),
organic tracers (levoglucosan, steranes, and hopanes [SH];
sum of 2-methylthreitol and 2-methylerythritol [MTLs],
monoterpene-derived secondary OAs [MSOAs], PAHs), and
two kinds of carbon isotopes (δ13C and Δ14C). Furthermore,
trace gases (carbon monoxide (CO), SO2, O3, and NOx) and
the meteorological parameters of temperature (T), relative
humidity (RH), wind speed (WS), and pressure (P) were
measured using online instruments (see details in Text S2)
during the sampling period. Atmospheric oxidation levels were
characterized by the •OH concentration, which was estimated
using a nonlinear formula,35 as described in Text S2 and our
previous study.36 The maximum solar radiation (MSR) at
315−400 nm was calculated from the widely used tropospheric
ultraviolet−visible (TUV) atmospheric chemistry model
(http://cprm.acom.ucar.edu/Models/TUV/Interactive_
TUV/tive_TUV/). The light absorption coefficient at 365 nm
(Abs365) was used as a proxy for BrC extracts, and the
parameter of mass absorption efficiency at 365 nm (MAE365),
which was widely used to characterize the light absorption
capability of organic aerosols and considered to be related to
the chemical composition and sources (Text S3).24,37

2.2. FT-ICR-MS Analysis and Data Processing. Briefly,
55 PM2.5 samples were extracted with methanol and then
filtered and concentrated. Methanol extracts were taken to
contain atmospheric dissolved organic matter (ADOM) in this
study.24,32 Part of extracts (similar concentration) was diluted
to 1 mL and infused directly for FT-ICR-MS analysis. The
ADOM samples were analyzed using a solariX XR FT-ICR-MS
(Bruker Daltonik GmbH, Bremen, Germany) in the negative-
ion mode of ESI ion source, which equipped a 9.4 T
refrigerated actively shielded superconducting magnet and a
Paracell analyzer cell. The ion accumulation time was set to
0.65 s for ion source. The detection mass range was set to m/z
150−800 for all samples. Mass spectra were calibrated
externally with arginine clusters in negative-ion mode using a
linear calibration. The final spectrum was internally recali-
brated with typical O5-class species peaks using quadratic
calibration in DataAnalysis 4.4 (Bruker Daltonics). A typical
mass-resolving power at m/z 319 is over 450 000 with <0.2
ppm absolute mass error. The contamination in field blank
samples (processed and analyzed following the same
procedure) was subtracted from the 55 DOM samples.
Numerous studies have shown the quantitative reproducibility
of FT-ICR-MS.29,30,38 In this study, three duplicate represen-
tative aerosol samples were analyzed at the beginning, middle,
and end of the analysis to test the reproducibility of ADOM
extraction, the peak detection of the method, and the
molecular formula assignment procedures. Pearson’s correla-
tion analysis of the relative intensities of all molecules between
duplicates confirmed the high level of reproducibility of the
selected samples (r = 0.98).29,38 Mass peaks were considered
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invalid if the signal-to-noise ratio was lower than 4. Generally,
formulas containing isotopomers (i.e., 13C, 18O, or 34S) were
not considered. The FT-ICR-MS mass peak intensities were
first normalized to the sum of all compounds (i.e., sum-
normalized intensity). Compounds present in fewer than four
samples were not considered, and the relative abundance of
undetected compounds was set to zero.
A set of intensity-weighted parameters based on each

formula was calculated to represent the molecular character-
istics of the 55 samples, including carbon number (Cw),
molecular weight (MWw), elemental ratios (e.g., O/Cw, H/
Cw), carbon O/C (OSw), double-bond equivalents (DBEw)
and related parameters (DBE/Cw and DBE/Ow), and the
aromaticity index (AIw) (Text S4-2). Five groups of
compounds were delineated by AI values and H/C cut-
offs:29,39,40 aliphatic compounds and peptides (2.0 ≥ H/C ≥
1.5), highly unsaturated compounds (weakly oxygenated) (AI
< 0.50, H/C < 1.5, O/C < 0.5), highly unsaturated compounds
(highly oxygenated) (AI < 0.50, H/C < 1.5, O/C ≥ 0.5),
vascular plant-derived polyphenols (0.67 ≥ AI ≥ 0.50), and
combustion-derived condensed aromatics (AI > 0.67). It
should be noted that, for example, those compounds which
belong to the group of aliphatic compounds and peptides have
compositions similar to aliphatics and peptides in their
elemental proportions but may not be true aliphatics and
peptides.
2.3. Statistical Analysis. Statistical analyses were

performed using R software (v4.01) unless otherwise stated
(details in Text S5-1). Principal component (PC) analysis
(PCA) was used to visualize the correlations between light
absorption properties and molecular characteristics.41 A
Spearman rank correlation analysis was applied to assess the
relationships between the molecular-level parameters (i.e.,
MW, elemental ratios, DBE, and AI) and light absorption
properties, given that not all of the data measured for these
parameters were normally distributed (Table S2).
A Spearman correlation analysis was also performed to

assess the relationships between Abs365 values, environmental
factors, and the sum-normalized intensity of each formula to
obtain the patterns of molecular associations with environ-
mental factors. A false discovery rate (FDR)-adjusted p-value
(the “FDR” method) was applied to avoid errors arising from
using a large dataset.42 The results were plotted in van
Krevelen space43 to obtain effective descriptions of the
relationships between light absorption properties and molec-
ular composition. Correlations between the relative abundan-
ces (sum-normalized intensity) of compounds identified with
FT-ICR-MS and environmental parameters do not necessarily
correspond to causality, and therefore should be discussed
carefully (see limitations of the FT-ICR-MS approach and
limitations in interpreting the Spearman rank correlation
results presented in Texts S4 and S5).29,30,38,44−50

The patterns of molecular variation across all samples
(molecules significantly correlated with Abs365) were identified
using nonmetric multidimensional scaling (NMDS) based on
Bray−Curtis distances.29,51 The environmental parameters
listed in Table S4 were also used in the analysis to evaluate
the relationships between light-absorption-related molecules
and environmental conditions, with p-values calculated over
999 permutations and adjusted using the FDR method.
A random forest (RF) regression model52 was applied to

identify the molecular markers of BrC in the atmosphere from
the FT-ICR-MS data, whereas the importance of each

environmental factor to BrC absorption was quantified using
an aggregated boosted tree (ABT) approach.53 In this study,
the number of taxa in the RF was identified using 10-fold
cross-validation, with five repeats implemented with the “rfcv”
function in the R package “randomForest,” while less
important variables were removed simultaneously, and the
minimum number of classes needed to stabilize the cross-
validation error curve was chosen. Finally, 17 important classes
were chosen to obtain the minimum cross-validation error
(Figure 2a). The relative abundances of individual potential
BrC chromophoric molecules, which were selected based on
the criterion 0.5c ≤ DBE ≤ 0.9c (c = carbon number), were
applied in RF modeling to avoid any influence of molecular
noise from non-BrC compounds.17 The ABT model was
constructed in R (v2.07) using the “gbmplus” package, and 500
trees were generated for boosting, with fivefold cross-validation
used for error estimation.

3. RESULTS AND DISCUSSION
3.1. Molecular Composition of ADOM from the ESI-

FT-ICR-MS Analysis. A typical FT-ICR mass spectrum is
shown in Figure S1. For all ADOM samples, the number of
assigned molecular formulas detected by ESI-FT-ICR-MS in
negative-ion mode ranged from 2867 to 10 865, with an
average of 7574. This large dataset of compounds indicated the
complexity of atmospheric OAs. We calculated the species
accumulation and produced rank abundance curves of the
compounds from 55 ADOM samples based on the m/z values
obtained from FT-ICR-MS. These were used to assess the
representativeness of our sample set and its molecular
distribution, as described in previous studies.29,44 The
accumulation curve revealed a clearly saturated trend of
molecular accumulation across our ADOM samples, which was
supported by the fact that 95% of the molecular richness was
obtained from 45 of the 55 ADOM samples (Figure S2a).
Therefore, the number of newly identified compounds
detected in each additional sample was less than in the
previous 45 samples, and we were confident that the
chemodiversity of ADOM was well characterized by our
sample set. Figure S2b suggests that compounds with
normalized intensities ranked in the top 12% were present in
at least 80% of the samples. Accordingly, there was a
fundamental group of ADOM compounds, which, although
varying in abundance, were ubiquitous throughout the long
time scale of our study.
Table S1 summarizes the relative-intensity-weighted values

of the MW, elemental ratios, DBEs, and AIw for the ADOM.
The O/Cw and H/Cw ratios were in the ranges of 0.32−0.62
and 1.20−1.61, with average values of 0.47 and 1.39,
respectively. The average O/Cw ratio was slightly higher than
the values reported for fog water (0.43)54 and cloud water
(0.37),55 as well as biogenic aerosols (0.42)56 and fresh
aerosols (0.12−0.42) from laboratory combustion experiments
(e.g., BB, coal, and engine emissions),5,6,57,58 but was within
the range for aerosols sampled in the atmosphere (0.4−
0.77)59−61 and laboratory-generated SOAs (0.46−0.53).62 The
average H/Cw ratios were generally lower than in the ambient
aerosol samples referred to above, implying a higher degree of
unsaturation in the AODM in Guangzhou.
The compounds were grouped into the following four

subgroups based on their elemental composition: CHO,
CHON, CHOS, and CHONS (Figures S1 and S3a). CHON
compounds accounted for the largest proportion of the total
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number of assigned molecular formulas, with a mean value of
41%. Sulfur-containing organic compounds (SOCs, CHOS +
CHONS) accounted for 33 ± 4% of the total number of
assigned molecular formulas, with values of 21 ± 2 and 12 ±
2% for CHOS and CHONS compounds, respectively. CHO
compounds accounted for 24 ± 3% of the total number of
assigned molecular formulas. The relative abundance of each
compound groups was defined as the magnitude of each group
of peaks divided by the sum of the magnitudes of all identified
peaks (Text S4-2). SOCs were the major component of all
ADOM fractions, accounting for 24−62% of the overall
compounds (mean: 44%). CHO and CHON compounds had
similar relative abundances, ranging from 17 to 49% (mean:
28%) and from 15 to 47% (mean: 28%), respectively. Because
the NOCs (refers to CHON in this study) and SOCs were
mainly derived from anthropogenic primary emissions and the
secondary formation of volatile organic compounds (VOCs)
following reactions with anthropogenic inorganic species (e.g.,
NOx and SO2), the large proportion of these compounds
detected in the ADOM over Guangzhou indicated the
importance of anthropogenic influences. However, significant
seasonal changes were only observed for CHON compounds,
with an increase in their relative abundance in winter (Figure
S3a).
The compounds detected in this study were also divided

into five classes using the classification system described in
Section 2.2. Photoresistant aliphatic- and peptide-like com-
pounds generally comprised the most abundant class,
accounting for 37−73% of the total intensity of each sample,
with a mean value of 62% (Figure S3b). Highly unsaturated
and phenolic compounds (HUPC) accounted for an average of
28% of the total intensity (16% for low oxygen and 12% for
high oxygen), whereas their seasonal changes were unclear.
Plant-derived polyphenols and combustion-derived condensed
aromatic compounds only accounted for a small fraction of the
total intensity of each sample (1−11 and 3−17%, respectively),
but they displayed a clear seasonal variation, with the peak
appearing in winter. A similar trend was also observed for the
AIw and N/Cw values, which were both positively correlated

with aromatic compounds (r2 = 0.95, p < 0.01; and r2 = 0. 5, p
< 0.01, respectively). These results indicate that high emissions
of NOCs are usually accompanied by high emissions of
aromatic compounds.

3.2. Linking Molecular Signatures to BrC Light
Absorption Properties. Generally, the light absorption of
ADOM was determined by the minority of colored
chromophores which cannot be easily detected and isolated.
Here, we perform PCA for all samples to assess the
correlations between the light absorption properties and
molecular characteristics of ADOM. It should be mentioned
that the results from PCA based on number-averaged
parameters are quite similar to those based on intensity-
weighted parameters (see Figure S4), and therefore, only the
results of the latter were further discussed. Figure 1 shows that
the loadings for polyphenols, condensed aromatic and aliphatic
compounds, AIw, DBEw, DBE/Cw, N/Cw, Abs365, unsaturated
(highly oxygenated) compounds, O/Cw, and OSw were
distributed along principal component (PC) 1, indicating
that most of the variance among samples was due to
characteristic differences in these variables. The loadings for
unsaturated (weakly oxygenated) compounds, O/Cw, S/Cw,
and DBE/Ow were distributed along PC2, indicating that the
variance among samples was also due to oxidation state.
Because the third PC, which was related to MWw and H/Cw,
only explained an additional 15% of the variance, and our
samples did not display seasonal trends for MWw and H/Cw,
only the first two PCs were considered in a further analysis.41

PC1 accounted for 43% of the variance in the data. Optical
parameters (Abs365 and MAE365), N/Cw, aromatic compounds,
and parameters related to aromaticity (AIw, DBEw, and DBE/
Cw) and oxidation state (O/Cw and OSw) had positive PC1
scores, whereas aliphatic and peptide compounds had negative
PC1 scores. This means that the light absorption by BrC
covaried positively with the N/Cw, aromaticity, and oxidation
state of ADOM samples, and negatively with the relative
abundances of aliphatic and peptide compounds. The
intensity-weighted DBE/Cw, which is widely used to estimate
the density of double bonds and the aromaticity of organic

Figure 1. Associations between light absorption properties and ADOM composition at molecular-level and apparent molecular parameters. (a)
Principal component analysis plots showing the relationship of light-absorbing parameters with the intensity-averaged mass spectral parameters and
relative abundance of compounds classes. (b) Significant Spearman rank correlation coefficients (p < 0.05) of individual molecules with BrC proxy
of Abs365. The color scale indicates Spearman correlations between the intensity of individual molecules and Abs365 (red, positive; green, negative).
Circles indicate compounds with 0.5c ≤ DBE ≤ 0.9c, which were considered as potential BrC formulas, and diamonds indicate the non-BrC
compounds with DBE < 0.5c. Compound groups are obtained from the criterion described in Section 2.2. The circle marked by blue is the main
gathering area of BrC formulas. HUPC: highly unsaturated and phenolic compounds.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c01770
Environ. Sci. Technol. 2021, 55, 10268−10279

10271

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01770/suppl_file/es1c01770_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01770/suppl_file/es1c01770_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01770/suppl_file/es1c01770_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01770/suppl_file/es1c01770_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01770?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01770?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01770?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01770?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c01770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


matter in natural environments, was significantly positively
related to MAE365 (r = 0.56, p < 0.01, Table S2). Furthermore,
MAE365 also had a positive relationship with the relative
abundance of aromatic compounds (r = 0.64, p < 0.01), but a
negative relationship with the relative abundance of aliphatic
compounds (r = −0.51, p < 0.01). As shown in Figure S5,
aromatic NOCs, which represent an important category of BrC
chromophores, were more strongly correlated with MAE365 (r
= 0.68, p < 0.01) than those of aromatic CHO compounds
with MAE365 (r = 0.56, p < 0.01). MAE365 had no obvious
relationship with the relative abundance of aromatic SOCs.
These results were consistent with our current molecular-level
understanding of BrC that BrC light absorption over
Guangzhou is most likely mainly due to aromatic CHO and
CHON compounds, whereas SOCs are not major BrC
chromophores.32 PC2 explained approximately 25% of the
variance. The MAE365 and Abs365 indices were also distributed
along PC2 but not as strongly as they were along PC1. This
suggests that PC2, which reflected the average oxygen content
of the samples, was probably not as important and directly
associated as molecular aromaticity in BrC absorption.23

3.3. Molecular Associations with BrC Absorption.
Although FT-ICR-MS is not selective enough to detect BrC
chromophores, and it is difficult to isolate the optically active
fractions from the organic carbon fraction, the results of a
Spearman correlation analysis of the relationships between
molecular formulas and light absorption properties provided

some insight into the structures and biogeochemical trans-
portation of BrC.30 Figure 1b shows the Spearman rank
correlation coefficients for the relationships between Abs365
and individual compounds detected in the FI-ICR-MS analysis.
Black dashed lines across the plot separate the different classes
of compounds in van Krevelen space into aliphatic compounds
and peptides, highly unsaturated compounds with low or high
oxygen contents, plant-derived polyphenols, and combustion-
derived condensed aromatics (see Section 2.2). Distinct groups
were formed, with the green group negatively correlated with
Abs365 and enriched in aliphatics, low-oxygenated unsaturated
compounds, whereas the red group was positively correlated
with Abs365 and enriched in polyphenols, condensed aromatic
compounds, and unsaturated compounds with a relatively high
oxidation state. It should be noted that the molecular
compounds that were positively correlated with Abs365 were
not necessarily BrC chromophores. The strong correlations
between optical measurements and molecular formulas
indicated that they may have structural linkages or exhibit
similar biogeochemical linkages.30 We therefore further
separated the positively correlated compounds into potential
BrC and non-BrC chromophores using the criterion 0.5c ≤
DBE ≤ 0.9c.17 The selected BrC chromophores were mainly
plotted in region A (0.25 < O/C < 0.75, 0.3 < H/C < 1.5) in
Figure 1b. We also noted that a unique species of aged BBOA
reported in a previous study31 was located in a van Krevelen
space area similar to region A in this study, indicating that the

Figure 2. Seventeen kinds of indicators of brown carbon (BrC) absorption and the importance of environmental parameters on light absorption
and molecular composition of BrC. (a) The top 17 molecules were identified by applying random forests regression of their relative abundances in
ADOM. Molecules are ranked in descending order of importance to the accuracy of the model. The inset represents 10-fold cross-validation error.
(b) Heatmap showing the relative abundances of the top 17 molecules against sampling time. (c) The importance of environmental parameters on
BrC absorption was quantitatively identified by the aggregated boosted tree (ABT) model. (d) Nonmetric multidimensional scaling analysis of the
influences from environmental parameters on BrC composition. Ordinations are based on Bray−Curtis (stress = 0.12), which utilizes relative
compound abundances. Environmental parameters listed in Table S4 were fit to the ordination. Gray-shaded circles are potential BrC compounds.
Variables with significance levels of <0.05 (green) and <0.01 (purple) are shown.
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BrC chromophores detected here might have undergone a
series of atmospheric oxidation reactions. Among the
compounds in the red group in the van Krevelen space,
more than 68% were CHON compounds (most containing
one nitrogen atom, Tables S5 and S6). Many well-known
nitrogen-containing BrC chromophores, such as C6H5NO4 (4-
nitrocatechol), C7H7NO4, C8H7NO4, and C8H9NO4, which
are considered tracers of aged BBOA,25,26,31 were positively
correlated with BrC absorption and located in region A. This
provides further evidence that NOCs are major BrC
chromophores in ADOM, and combustion sources may be
one of the most important sources of BrC. Similarly, the CHO
compounds (23%) located in this region with high O/C ratios
and positive correlations with BrC absorption, mainly
comprised polycarboxylic and aromatic carboxylic acids, as
well as phenolic compounds. These types of compounds are
often reported in aged BBOA.3 Small numbers of organosulfate
compounds (∼8%), such as those produced from the oxidation
of PAHs (C6H6SO4, C8H8SO5, and C9H10SO5),

63 and the BrC
chromophores produced by the photooxidation of biogenic
VOCs (BVOCs) (C1 0H1 6SO7 , C1 1H1 6SO8 , and
C11H18SO8),

64,65 were positively related to BrC absorption,
indicating that the atmospheric oxidation of VOCs in the
presence of sulfuric acid is another important source of BrC
but they were minority in ADOM.
We then attempted to determine which of the important

molecular classes could be used as indicators based on their
correlation with BrC absorption using an RF model.66,67 Of the
14 462 molecules detected, a subset of 3492 potential BrC
molecular formulas were selected and then used in further

analyses to avoid interference from the noise of non-BrC
molecules. The 17 important molecular classes in the model
explained 75.6% of the variance in Abs365, which was
significantly greater than when 3492 potential BrC formulas
were used (only 61.4%). As shown in Figure S8, the modeled
Abs365 was strongly correlated with measured Abs365. The ESI
bias toward chromophores with low polarity, such as PAHs
and their derivatives, can be a limiting factor in the
interpretation ratios. However, the results still provided useful
molecular information regarding BrC absorption by polar
compounds, such as carboxyl compounds and NOCs. Table S3
shows the molecular information for the 17 most important
BrC formulas and the UV−vis absorption spectrum (calculated
using the quantum chemistry calculation software Gaussian
0968,69), and tentative structures of parts of the molecules are
also shown in Figure S7. All of them were NOCs, with highly
oxygenated functional groups and a strong light absorption
capacity in the near-UV−vis range (300−500 nm), indicating
the potentially important influence of the oxidation of
anthropogenic emissions on secondary BrC. For example, the
important formulas of C7H5NO5, C7H7NO5, and C7H6N2O6,
which have been widely reported for ambient aerosols and
aged BBOA, represent phenols with at least one nitrogen
functional group.25,27,31 Furthermore, the sum-relative inten-
sity of the 17 BrC formulas was positively correlated with
anthropogenic species such as NO3

−/NH4
+ and levoglucosan

(data not shown). They were also strongly correlated with
Abs365, and their high relative abundances corresponded to
high BrC absorption, although they had low relative
abundances during spring and summer when Abs365 values

Figure 3. Significant Spearman rank correlation coefficients (p < 0.05) of individual molecules with (a) levoglucosan, (b) OH radical, (c) NO3
−,

and (d) monoterpene-derived SOA (MSOA). The color scale indicates Spearman correlations between the intensity of individual molecules and
levoglucosan, OH radical, NO3

−, and MSOA (red, positive; blue, negative). Circles indicate compounds with DBE ≥ 0.5c, which were considered
as potential BrC formulas and diamonds indicate the non-BrC compounds with DBE < 0.5c. Compound groups are obtained from the criterion
described in Section 2.2. Lines separating compound categories on van Krevelen diagrams are for visualization only, and exact categorization may
slightly differ. The number of significant correlations is (a) n = 3544; (b) n = 2635; (c) n = 1600; and (d) n = 3769.
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were low (Figures 2b and S6). These results therefore provide
further evidence that these nitro-aromatic compounds can be
used as indicators of BrC.
3.4. Molecular Associations of BrC with Meteoro-

logical Parameters and Chemical Tracers. To assess the
relationships between environmental parameters and BrC
absorption at the molecular level, we used NMDS to determine
the molecular pattern of selected potential BrC compounds,
for which the sum-normalized intensity of each compound
identified by FT-ICR-MS was used (Figure 2d). The chemical
species of water-soluble inorganic ions, organic tracers, and
online meteorological data for the sampling period (Table S4)
were also included in the analysis. From the pattern of primary
variables influencing the distribution of compounds, anthro-
pogenic emissions (BBOA, CO, SO2, NOx) and related
secondary species (NO3

−, NH4
+) emerged as important

drivers. The meteorological conditions also influenced the
distribution of BrC compounds through the atmospheric
oxidation levels, MSR, T, and RH, but the direction of
influence of these factors was the opposite of that of
anthropogenic emissions. The secondary processes responsible
for BVOC formation (MTLs and MSOAs) was another
important driver influencing the molecular distribution of BrC,
which was also reported in our previous work.34

3.4.1. Biomass Burning. Based on our ABT model, BB (as
indicated by the levoglucosan and Δ14C signatures) was the
most important predictor of BrC light absorption (Figure 2c).
This was consistent with our finding that the seasonality of
BrC absorption was largely associated with elevated BB
emissions, with an annual average contribution of BB to total
light absorption of 28%, and a maximum contribution of 46%
in winter.34 To determine the molecular associations with BB
and its impacts on the formula distribution within BrC, the
sum-normalized intensity of each compound from all 55
ADOM samples were correlated (Spearman rank correlation)
with the levoglucosan and Δ14C values (Figures 3 and S10,
only potential BrC formulas are shown in Figure S11). The
results showed that the Δ14C signatures (1231 compounds)
and levoglucosan (3544 compounds) had close relationships
with the ADOM compounds and were also good predictors of
the molecular-level ADOM distribution. Similar molecular
patterns were observed for the levoglucosan and Δ14C
signatures. The relative abundances of polyphenols and
condensed aromatic molecules in ADOM increased when BB
emissions were high (Figure 3a). Compounds with a high H/C
ratio and low O/C ratio were observed in greater proportions
in ADOM with low levoglucosan concentrations and light
Δ14C values. This was consistent with the positive correlations
of both the levoglucosan and Δ14C signatures with AIw, DBEw,
condensed aromatics, and polyphenols, whereas there was a
negative correlation with aliphatic compounds. Most of the
compounds that were positively correlated with the levoglu-
cosan (53%) and Δ14C signatures (73%) could be attributed to
BrC. The majority of these BrC compounds were NOCs,
whereas the compounds that were negatively correlated with
the levoglucosan and Δ14C signatures mainly belong to the
CHO group, with low O/C and high H/C ratios (Tables S5
and S6). Previously, the application of high-performance liquid
chromatography (HPLC) coupled with UV absorption
spectrum and high-resolution mass spectrometry revealed
that the BrC chromophores in freshly emitted BBOA are
mainly phenols bearing methoxyl, carbonyl, and/or vinyl
groups, which are nitrogen-free compounds.7,15,17 However,

the aging of fresh BBOA with NOx generates NOCs,
particularly nitro-aromatics, which have been identified as the
main products contributing to enhanced light absorption by
secondary BrC.15 The enhancement in particulate organic
nitrogen due to transported aged BBOA is considered as the
main reason for the increased light absorption reported in field
studies.31 Our results showed that inputs of OAs with a high
levoglucosan concentration and heavy Δ14C signatures resulted
in the enrichment of aromatic structures and phenol-like
compounds, with a particularly large increase in NOCs, further
affecting light absorption.

3.4.2. Secondary Processes. We also plotted molecular
correlations with NO3

− and NH4
+ (Figures 3c, S10, and S11)

because past studies have indicated that atmospheric nitration
and the presence of NH4

+ could enhance BrC absorption or
generate new chromophores.13,14,70 Our recent research also
showed that secondary nitrate formation processes could be
one of the main factors responsible for the high BrC
absorption in winter over Guangzhou.34 As shown in Figure
2c,d, secondary species of NO3

− and NH4
+ had a nonignorable

relative influence on BrC light absorption and were positively
correlated with anthropogenic BB activities. A similar pattern
was observed for NH4

+ and levoglucosan, whereas for NO3
−,

nearly all compounds in Figure 2c was positively correlated
and more than 85% of them were nitrogen-containing. It
should be mentioned that from the results of correlation
analysis, we cannot exclude the possibilities that the increase in
the relative abundance of BrC was due to the high emissions
from the sources same as the precursors of nitrate and sulfate,
or related to reactions between organic compounds and
nitrate/sulfate (Text S5-3 presents several examples of possible
BrC formations related to nitrate, ammonium, and sulfate). On
the one hand, we found that NO3

− and NH4
+ were closely

related to the levoglucosan concentration, and our previous
studies also showed that the formation of secondary nitrates,
which significantly influences BrC absorption over the Pearl
River Delta, was probably related to BB.32,34 On the other
hand, a recent study has reported that aqueous-phase nitrate-
mediated photooxidation reactions can lead to the formation
of BrC, and the amount of BrC formed were depended on the
inorganic nitrate concentration.71 Moreover, the nitration of
VOCs and fresh BBOA in the presence of NOx is considered
an important formation pathway of secondary BrC.14,15,70

Ammonium sulfate can promote the formation of nitrogen-
containing BrC chromophores by reacting with carbonyl
compounds in the aqueous phase.13,72 In overall, our results
suggest that in most cases, the presence of inorganic nitrogen
species and secondary nitrates formation processes would
enhance BrC absorption.
We found that only a few BrC molecules were correlated

with SO4
2− (data not shown), which may be due to the

nonlinear relationship between the sulfur-containing secondary
BrC formation and SO4

2− concentration. Although the
formation of light-absorbing organosulfates through reactions
with VOCs in the presence of sulfuric acid has also been
reported to occur frequently, the absorption capacity of these
organosulfate chromophores is weaker than that of NOCs and
probably not as important as for other chromophores.64,65

However, a total of 365 molecules were found to have
significant relationships with the SO2 concentration, indicating
that urban anthropogenic emissions probably also have a direct
influence on the BrC molecular distribution. Across the van
Krevelen diagrams of MSOAs and MTLs, compared to
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molecules with high O/C ratios (>0.5), weakly oxygenated
(O/C < 0.5) molecules were inversely correlated with the
corresponding tracers. This suggests a possible transition
pathway from a weakly to a highly oxygenated state and that
the intrinsic molecular properties associated with the O/C
ratio can substantially influence the diversity of these
molecules. This was consistent with previous studies that
have reported that the potential for SOA oxidized from
BVOCs to be a potent BrC precursor is largely determined by
its molecular structure.73

3.4.3. Meteorological Parameters. As shown in Figure 2d,
the meteorological conditions also influenced the distribution
of BrC compounds. Among the meteorological parameters
investigated, the •OH concentration was the most important
predictor of BrC absorption (Figure 2c). Although other
meteorological parameters may also have effects on variations
in BrC absorption, they were not as important as the •OH. For
example, RH had little influence on variations in BrC
absorption, as shown in Figure 2c. This is probably due to
the high RH during our sampling campaign in Guangzhou,
which was in the range of 28−98%, with a median value of
78%. According to several previous studies, the light
absorption ability of OAs was higher under wet condition
than under dry condition (RH: <30%),10 with further increases
in RH having no effect on the light absorption ability of OAs.14

In the van Krevelen diagrams of •OH, we found clear trends
in the molecular composition of ADOM (Figure 3b), which
were opposite to those observed for levoglucosan. Compounds
with high H/C and low O/C ratios were associated with a high
•OH concentration, whereas the relative abundances of highly
unsaturated and phenolic compounds (highly oxygenated),
polyphenols, and condensed aromatic molecules increased
under low •OH concentrations. It should be noted that the
OH radical can be both the residual and trigger of the photo-
bleaching reactions; however, previous model simulations have
shown that the addition of BrC will reduce the annual
concentration of OH radicals in the global atmosphere;74

moreover, previous chamber simulation experiments also
confirmed that OH radical can react with BrC and lead to
rapid photo-bleaching.11,12,75 Therefore, shift in molecular
pattern associated with the •OH concentration (the different
correlations between •OH and aliphatic compounds with low
O/C ratios and between •OH and aromatic, highly oxygenated
BrC compounds) probably suggests possible mechanisms for
the photo-bleaching of nitrogen-containing, aromatic, highly
oxygenated BrC compounds and the production of weakly
oxygenated aliphatic and unsaturated compounds. The •OH
concentration was quantitatively modeled based on UV
radiation and NO2, and the MSR was strongly correlated
with T (r2 = 0.64, p < 0.01) and •OH (r2 = 0.55, p < 0.01) due
to their seasonal covariance. Therefore, consistent BrC
molecular associations with meteorological parameters (•OH
concentration, T, MSR, RH) were obtained and are presented
in Figure S11. Inverse correlations and molecular patterns were
observed between meteorological parameters and the major
tracers of emissions and secondary processes, indicating that
the molecular diversity of BrC compounds respond differently
to anthropogenic activities and meteorological conditions.
Meteorological phenomena usually decompose BrC molecules
and decrease their abundance, whereas an increasing
concentration of anthropogenic pollutants would accompany
the increase in the abundance and diversity of BrC molecules.

4. IMPLICATIONS
In this study, several OA samples were analyzed using FT-ICR-
MS to improve our understanding of ADOM. Characteristics
such as the abundance of aliphatic compounds, peptides,
SOCs, and NOCs in ADOM were clarified, which enabled the
physicochemical properties of atmospheric particulates to be
associated with their molecular composition and the
determination of their potential environmental impacts. It
was found that BrC has a very complex composition and
constitutes a minor fraction of OAs that was difficult to isolate.
The molecular composition of BrC was also found to vary with
atmospheric conditions, as represented by meteorological
parameters and environmental pollutant concentrations.
When BrC molecules enter the atmospheric environment,
some will undergo a series of SOA processes (i.e., either photo-
bleaching or photo-enhancement) and their molecular
structures will become similar. Such changes often mask the
source signatures of BrC molecules over time. Although FT-
ICR-MS was not able to target specific BrC formulas,
qualitative details of the relationships between ADOM
molecular structures and light absorption properties were
obtained from molecular-level ADOM information via
statistical analyses and machine learning methods. Our study,
which adopted a method incorporating environmental
variables and chemical tracers (e.g., •OH and levoglucosan
concentrations) to express the molecular-level composition of
BrC, has resulted in a better understanding of the molecular
transformation of BrC. This could be used in future OA studies
to better understand the dynamics of the molecular
composition of BrC.
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