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a b s t r a c t

Fluorescence spectroscopy is a commonly used technique to analyze dissolved organic matter in aquatic
environments. Given the high sensitivity and non-destructive analysis, fluorescence has recently been
used to study water-soluble organic carbon (WSOC) in atmospheric aerosols, which have substantial
abundance, various sources and play an important role in climate change. Yet, current research on WSOC
characterization is rather sparse and limited to a few isolated sites, making it challenging to draw
fundamental and mechanistic conclusions. Here we presented a review of the fluorescence properties of
atmospheric WSOC reported in various field and laboratory studies, to discuss the current advances and
limitations of fluorescence applications. We highlighted that photochemical reactions and relevant aging
processes have profound impacts on fluorescence properties of atmospheric WSOC, which were previ-
ously unnoticed for organic matter in aquatic environments. Furthermore, we discussed the differences
in sources and chemical compositions of fluorescent components between the atmosphere and hydro-
sphere. We concluded that the commonly used fluorescence characteristics derived from aquatic envi-
ronments may not be applicable as references for atmospheric WSOC. We emphasized that there is a
need for more systematic studies on the fluorescence properties of atmospheric WSOC and to establish a
more robust reference and dataset for fluorescence studies in atmosphere based on extensive source-
specific experiments.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Organic aerosols (OAs) are ubiquitous in the atmosphere and
play important roles in air quality and radiative forcing (Andreae
e by Admir C. Targino.
ncui Road, Chaoyang District,

).
and Gelencser, 2006; Bond and Bergstrom, 2006; IPCC, 2013;
Shrivastava et al., 2017). The water-soluble fraction of OAs, gener-
ally measured as water-soluble organic carbon (WSOC), are
particularly dominant in the atmosphere and contribute up to 70%
of aerosol carbon mass (Decesari et al., 2000; Duarte and Duarte,
2011; Sullivan et al., 2004). Atmospheric WSOC could act as effi-
cient cloud condensation nucleus (CCN) (Novakov and Penner,
1993; Wu et al., 2013), and therefore, have implications in hydro-
logical cycle through modification of cloud properties and precip-
itation events (Ramanathan et al., 2001). A growing number of
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studies have reported that WSOC contain certain light-absorbing
organic compounds (commonly termed ‘brown carbon’, BrC)
(Laskin et al., 2015; Yan et al., 2018) and thus, contribute to the
direct radiative forcing of aerosols (Feng et al., 2013).

Sources of atmospheric WSOC include primary emissions from
biomass burning (Urban et al., 2012; Yan et al., 2015), fossil fuel
combustion (Kirillova et al., 2013; Park et al., 2015), and secondary
organic aerosols (SOA) formed from oxidation of volatile organic
compounds (VOCs) (Kawamura et al., 2010; Xie et al., 2019). The
complexity of sources and the variation in their relative contribu-
tions make it challenging to characterize the chemical composition
of atmospheric WSOC, hindering our understanding of the envi-
ronmental effects of organic aerosols.

Various analytical methods have been developed and applied
for molecular characterization of organic aerosols, including gas
chromatography-mass spectrometry (GC-MS) (Kawamura et al.,
2004), nuclear magnetic resonance (NMR) spectroscopy (Decesari
et al., 2000), high-resolution time-of-flight aerosol mass spec-
trometry (HR-ToF-AMS) (Chen et al., 2016b; Sun et al., 2011) and
Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) (Marshall et al., 1998; Song et al., 2018; Tang et al., 2020),
etc. However, these techniques often require time-consumed
isolation and pre-concentration steps, that would be problematic
for a routine analysis of atmospheric samples (Barsotti et al., 2016).
In this context, fluorescence spectroscopy has recently emerged as
a robust technique for characterization of atmospheric WSOC
(Mladenov et al., 2011; Wu et al., 2019). This method offers ad-
vantages of better repeatability with low standard deviation, robust
and easy operation, high sensitivity, minimal sample preparation
and non-destructive analysis (Hudson et al., 2007; Murphy et al.,
2013).

Fluorescence is a form of luminescence, where photochemically
excited electron in a molecule undergo relaxation from the lowest
excited state (S1) to the ground state (S0) accompanied by emission
of light (i.e. fluorescence signal) (Hudson et al., 2007; Mopper et al.,
1996) (Fig. 1) as described in the Supporting Information (SI).
Strong fluorophore typically contain linear or cyclic unsaturated
molecule with substantial conjugation of p-bonds (Poehlker et al.,
2012). Many organic species have been identified as efficient fluo-
rophores, such as amino acids, vitamins (Poehlker et al., 2012) and
humic-like substances (Graber and Rudich, 2006; Laskin et al.,
2015). Fluorescence spectroscopy has been demonstrated as an
useful tool to reveal the chemical compositions and sources (Chen
et al., 2020) as well as chemical reactions (Barsotti et al., 2016) of
atmospheric WSOC, highlighting its great potential in atmospheric
analysis.

Our current understanding of fluorescence characteristics of
atmospheric WSOC is insufficient, which limits fluorescence ap-
plications in atmospheric research. To date, most of studies that
have reported the fluorescence characteristics of atmospheric
WSOC were limited to a few relatively isolated sites (Duarte et al.,
2004; Fu et al., 2015; Laskin et al., 2015). Therefore, more studies
are needed to characterize the fluorescence properties of atmo-
spheric WSOC in different environments, which will foster a
broader understanding and application of fluorescence spectros-
copy in atmospheric chemistry research. In this review, the current
understanding, progresses and limitations of the fluorescence
spectroscopy in atmospheric WSOC studies are discussed with a
goal of motivating future work and promoting the development of
practical fluorescence standards needed to identify sources and
transformation processes of atmospheric WSOC.
2

2. Measurement protocol for fluorescence analysis of
atmospheric WSOC

2.1. Sample preparation, measurement and calibration

A schematic illustration of the fluorescence analysis process,
which includes sample preparation, measurement, data calibration
and interpretation, is presented in Fig. 1. The detailed protocols for
sample preparation and measurement may vary between different
studies depending on sample characteristics. However, in most of
the reported studies, atmospheric WSOC were extracted from
aerosol samples collected on filters by sonication in ultrapurewater
(resistivity: ~18.2 MU cm at 25 �C), and the extract was filtered to
remove insoluble material (Chen et al., 2016b; Fu et al., 2015;
Mladenov et al., 2011; Miyazaki et al., 2018). The fluorescence
measurement was usually presented as a three-dimensional map
(i.e., excitation-emission matrix, EEM) that shows a contour plot of
excitation wavelengths (x-axis) versus emission wavelengths (y-
axis) and the resulting fluorescence intensities (color-coded values
of z-axis) (Fig. 2). Typical spectral ranges of the EEMmapwere from
200 to 500 nm for the excitationwavelengths (lex) and from 250 to
650 nm for the emission wavelengths (lem) (Chen et al., 2016b; Fu
et al., 2015; Lee et al., 2013). Intensity of the EEMmap reflected the
integrated contribution from all fluorophores presented in a sam-
ple, which requires further interpretation by the parallel factor
(PARAFAC) model to retrieve information about individual fluo-
rescence profiles corresponding to plausible components in WSOC
(Fig. 2), as discussed in Section 2.2.

During the EEM measurement, uncertainties may arise from
baseline shift, intrinsic Rayleigh and Raman scattering, as well as
inner filtering effect (IFE) (Murphy et al., 2010) and quenching ef-
fect from pH and inorganic metal ions of Fe, Cu, Mg, etc (Poulin
et al., 2014; Stirchak et al., 2019; Timko et al., 2015). The baseline
variation was automatically corrected during the measurement
with calibration coefficient provided by the instrument manufac-
turer. Rayleigh scattering is caused by the elastic scattering of
incident light by molecules with diameters smaller than the exci-
tation wavelength, which are visible on the EEM map at emission
wavelength equal to excitation wavelength (1st order Rayleigh
scattering, Fig. 2) and at emission wavelength twice of excitation
wavelength (2nd order Rayleigh scattering) (Carstea, 2012; Hudson
et al., 2007). Raman scattering is the result of inelastic scattering
during the process of absorption and re-emission by water. A
fraction of energy is lost due to the vibration of molecular OeH
covalent bonds, then the scattered light will have a higher wave-
length than incident light (Lawaetz and Stedmon, 2009). The
Raman scattering is commonly evident in the fluorescence EEM at
excitation wavelengths between 260 and 350 nm, and emission
wavelengths between 280 and 400 nm (Hudson et al., 2007), which
can be corrected by water blank subtraction. The fluorescence
signal can also be reduced or distorted by the IFE (Kothawala et al.,
2013; Murphy et al., 2010), which refers to the absorption of excited
and emitted radiation by surrounding molecules in the sample
matrix, especially in solutions with high fluorophore concentra-
tions. However, the IFE can be compensated by the measured ab-
sorption data with the following equation (Kothawala et al., 2013;
Murphy et al., 2010):

FIFE ¼ Fori,100:5,ðAlexþ Alem Þ (1)

where Fori and FIFE refer to the original and IFE corrected



Fig. 1. Schematic illustration of the main steps in the measurement and analysis of the fluorescence properties of atmospheric WSOC.
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fluorescence signals, respectively. The value of 0.5 in Equation (1) is
half of the optical path-length of a cuvette (usually 1 cm) (Fu et al.,
2015; Wu et al., 2019). The parameters Alex and Alem correspond to
the absorbance values at excitation and emission wavelengths (l),
respectively, measured by an UVevisible spectrometer.
2.2. Data interpretation

The interpretation of the EEM data initially relied on visual
identification (McKnight et al., 2001), which underutilized the EEM
dataset and was unable to discriminate the overlapped spectra
from different components. The excitation and emission wave-
lengths of commonly identified fluorescence peaks (e.g., A, B, C, M
and T) in atmospheric WSOC are summarized in Table S1, which
may be treated as a reference standard in peak-picking of fluo-
rophores in atmospheric aerosols. In recent years, more sophisti-
cated multivariate data analysis tools have been developed and
applied to study the complex EEM signal of WSOC, such as partial
least squares (PLS) (Elcoroaristizabal et al., 2014), principal
component analysis (PCA) (Pan et al., 2011) and PARAFAC (Chen
et al., 2016a; Matos et al., 2015; Mladenov et al., 2011; Wu et al.,
2019). Compared to the PLS and PCA methods, the PARAFAC
model provides both qualitative and semi-quantitative analysis of
3

the fluorescence data and therefore has been widely applied in
most of the recent studies (Murphy et al., 2013; Stedmon and Bro,
2008). The PARAFAC model decomposes the EEM data (i.e.,
sample � excitation wavelength � emission wavelength) into a
combination of trilinear terms and squared residuals (eijk).

xijk ¼
XF

f¼1

aif bif ckf þ eijk ; i ¼ 1;…I; i ¼ 1;…J; k ¼ 1;…K (2)

The parameter xijk refers to the fluorescence intensity of sample i
at excitation and emission wavelengths of j and k, respectively.
Parameters a, b and c are the outcome from PARAFAC model,
indicating the concentrations, emission and excitation spectra of
the underlying components, respectively.

There are two basic objectives of PARAFAC modeling: the first is
obtaining a qualitative identification of potential components in
WSOC and obtaining their corresponding EEM characteristics; and
the second is conducting a semi-quantitative analysis of the relative
contributions by the identified fluorophores to the total fluores-
cence intensities. Of note, the PARAFAC model is an idealized
approach for data analysis that assumes 1) no two fluorescent
components show identical spectra; 2) the fluorescence spectra of
each individual component are independent and do not change



Fig. 2. Schematics of EEM fluorescence measurement and analysis by PARAFAC. The data show an analysis of atmospheric WSOC collected at a suburban site (Godavari) in South
Asia (Wu et al., 2019).
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during the measurement; and 3) the fluorescence intensity of a
fluorophore is linearly correlated with its concentration. Therefore,
PARAFAC is a superposition model based on the Beer-Lambert law,
assuming that experimentally measured EEM intensities result
from overlapping contributions from subset EEMs corresponding to
individual components weighted by their concentrations (Fig. 2).

PARAFAC analysis of the EEMmap for real-world non-ideal data
is not always straightforward due to the chemical complexity of
organic matter and intermolecular interactions between different
components. Several aspects should be considered for the PARAFAC
model to limit the number of underlying chemically different flu-
orophores. These aspects include: 1) the sum of squared residual, 2)
spectral loading, 3) core consistency and split-half analysis (Bosco
et al., 2006; Bro and Kiers, 2003; Murphy et al., 2013). The unac-
counted systematic variation between the observation andmodel is
termed as residual, which becomes smaller when the number of
identified components describe the real mixture reasonably well.
The residual value is also minimal when the spectra of identified
components can be interpreted based on the basic fluorescence
characteristics (Murphy et al., 2013) such as only one emission peak
and the spectral overlapping range between excitation and emis-
sion below 50 nm. Core consistency is used to assess the difference
between calculated and intrinsic super-diagonal cores. Core con-
sistency higher than 90%, approximately 50% or close to 0% corre-
spond to appropriate, problematic and invalid models, respectively
(Bro and Kiers, 2003). Finally, the appropriate model must also pass
the validation of split-half analysis. It should be noted that the
PARAFAC identified components refer to the best statistical result
based on the Beer-Lambert law. However, the fluorescence prop-
erties of identified components may deviate from those of real
fluorophores due to the interactions between fluorophores,
chemical reactions as well as quenching effects from pH and metal
ions (see SI) (Murphy et al., 2013).
4

After identifying the fluorescent components in atmospheric
WSOC, the apportionment of their sources is informative to un-
derstand the composition and aging transformation of organic
aerosols. Selected parameters calculated by the fluorescence in-
tensity (F) ratios between certain excitation/emission wavelength
ranges have been shown to be practical metrics to provide specific
source information of atmospheric aerosols. These fluorescence
parameters include fluorescence index (FI), biological index (BIX)
and humidification index (HIX) (Huguet et al., 2009; McKnight
et al., 2001; Zsolnay et al., 1999):

FI¼ FðEx ¼ 370 nm; Em ¼ 450 nmÞ
FðEx ¼ 370 nm; Em ¼ 500 nmÞ (3)

BIX¼ FðEx ¼ 310 nm; Em ¼ 380 nmÞ
FðEx ¼ 310 nm; Em ¼ 430 nmÞ (4)

HIX¼ FðEx ¼ 255 nm; Em ¼ 434� 480 nmÞ
FðEx ¼ 255 nm; Em ¼ 300� 345 nmÞ (5)

The FI refers to the ratio of emission intensities at wavelengths
450 and 500 nm recorded at the excitation wavelength of 370 nm.
The corresponding fluorophore is attributed to terrestrial fulvic
acid with higher aromaticity if the FI value is lower than 1.4, while
the fluorophore corresponds to microbial emission with lower
aromaticity if the FI value is higher than 1.9 (McKnight et al., 2001).
The BIX value, derived as the ratio of emission intensities at the
wavelengths 380 and 430 nm recorded at the excitation wave-
length of 310 nm, is used to assess the contributions frommicrobial
activities, i.e., BIX >1 indicates the predominant biological or mi-
crobial formation, while BIX <0.6 corresponds to an autochthonous
component with smaller contribution from biological materials
(Huguet et al., 2009). The HIX value is derived from the ratio of
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integrated emission intensities over the wavelength ranges of
434e480 nm and 300e345 nm, recorded at the excitation wave-
length of 255 nm. A value of HIX >10 indicates organic matter of
terrestrial origin with strong humidification or aromaticity,
whereas a value of HIX <4 refers to autochthonousmicrobe-formed
organic compounds (Birdwell and Engel, 2010; McKnight et al.,
2001).
3. Main fluorescent components of atmospheric WSOC

Atmospheric WSOC are complex mixtures of diverse organic
compounds that originate from both natural and anthropogenic
sources (Huang et al., 2018; Saxena and Hildemann, 1996; Xie et al.,
2017). According to previous studies, there are two types of organic
species in atmospheric WSOC fluoresce after excitation, i.e., humic-
like substances (HULIS) and protein-like substances (PRLIS) (Chen
et al., 2019; Duarte et al., 2004; Poehlker et al., 2012). The fluo-
rescence characteristics of these organic compounds are marked as
corresponding regions in the EEMmaps (Fig. 3). These two types of
fluorescent components are termed atmospheric HULIS or PRLIS
due to their physical and chemical characteristics resembling to
terrestrial/aquatic humic and fulvic acids or protein materials,
respectively (Graber and Rudich, 2006; Hudson et al., 2007).
However, it should be noted that HULIS and PRLIS are generalized
terms corresponding to highly complex groups of unresolved
organic species and discrepancies do exist in the chemical prop-
erties of HULIS and PRLIS identified in atmospheric versus terres-
trial and aquatic environments (see further discussion in Section 6).
Therefore, to emphasize the differences between them, we will use
a-HULIS and a-PRLIS to represent the HULIS and PRLIS in atmo-
sphere, respectively, hereafter in this manuscript.

The a-HULIS refer to a class of macromolecular organic com-
pounds with molecular weights ranging from 200 to 600 amu
(Graber and Rudich, 2006; Kiss et al., 2003; Stone et al., 2009). Their
molecular structures consist of poly-conjugated ring systems with
substituted aliphatic side chains functionalized with hydroxyl,
carboxyl and carbonyl groups (Graber and Rudich, 2006; Win et al.,
2018). Three common fluorescence peaks in the EEM are attributed
to a-HULIS: peak A (lex¼ 240e295 nm, lem¼ 390e500 nm), peak C
(lex ¼ 290e355 nm, lem ¼ 380e480 nm) and peak M
Fig. 3. (a) Summary of the excitation/emission maxima of identified peaks A, B, C, M and T
components. The data are derived from Chen et al. (2016a), Fu et al. (2015), Mladenov et al.
values tabulated in Table S1.

5

(lex ¼ 290e315 nm, lem ¼ 370e420 nm) (see Table S1 and Fig. 3).
Peaks A and C are the most commonly identified peaks of a-HULIS
and have been widely reported in atmospheric WSOC over urban
and suburban areas affected by anthropogenic emissions
(Mladenov et al., 2011; Wu et al., 2019), as well as over marine and
forest natural environments (Chen et al., 2016b). Peak C has rela-
tively longer excitation wavelength than peak A (Fig. 3), indicating
organic compounds with larger molecular weights and higher
aromaticity. The increase in molecular weight, size of the p-bond
conjugated system and number of the electron donating functional
groups modify the pathway of electron transition and reduce the
energy gap between the excited and ground states, leading to a
redshift in both the emission and excitation wavelengths (Chen
et al., 2003; Poehlker et al., 2012). The EEM region of peak M
partially overlaps with peak C, but has relatively shorter excitation
and emissionwavelengths, indicating a smaller size of its molecular
component compared to that of peak C (Barsotti et al., 2016). Pre-
vious studies have considered peak M as a typical signal of marine-
derived HULIS (Coble, 2007; Zhao et al., 2019). Therefore, peak M in
the atmosphericWSOC is generally regarded as amarker formarine
sources (see Table S1). a-HULIS have been found to be the dominant
fluorophores in atmospheric WSOC collected in different environ-
ments. Their relative contributions to the apparent EEM fluores-
cence intensity were reported at the level of 70% in PM10
(particulate matter with aerodynamic diameter less than 10 mm) in
an urban environment at Granada, Spain (Mladenov et al., 2011),
80.2 ± 4.1% in PM10 in suburban area of Godavari, Nepal (Wu et al.,
2019), and 66 ± 13% in rainwater collected at Seoul, Korea (Yan and
Kim, 2017).

The a-PRLIS show two excitation/emission peaks in the EEM
map: peak B (Ex/Em ¼ 270e280/300e320 nm) (Fu et al., 2015;
Poehlker et al., 2012) and peak T (Ex/Em ¼ 240e275/325e330 nm)
(Chen et al., 2016a; Mladenov et al., 2011). In previous studies, both
peaks were mainly attributed to amino acids (i.e., tyrosine and
tryptophan, respectively), which were closely related to bioavail-
ability of organic matter (Carstea, 2012 and references therein).
However, recent studies have shown that naphthalene and other
polyaromatic hydrocarbons (PAHs), derived from fossil fuel com-
bustion, also emit fluorescence signal similar to that of a-PRLIS
(Mladenov et al., 2011; Wu et al., 2019). Therefore, caution must be
in atmospheric WSOC according to previous studies, and (b) their possible chemical
(2011), Poehlker et al. (2012), Wu et al. (2019) and Zhao et al. (2019) with their specific
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taken when interpreting the specific components using the EEM
profile. Compared to a-HULIS, the a-PRLIS have relatively shorter
emission wavelengths (<350 nm) (Fig. 3) and contribute less to the
EEM intensities. As an example, a-PRLIS contributed to only
12e21% of the total fluorescence intensities in atmospheric WSOC
in PM10 collected at Granada (Spain), while the corresponding a-
HULIS contribution was approximately 70% (Mladenov et al., 2011).
Therefore, the dominant fluorophores in atmospheric WSOC are
believed to be a-HULIS, although a-PRLIS are also important fluo-
rescent components.

4. Sources of fluorescent components

4.1. Sources of a-HULIS

Biomass burning emissions have been reported as important
primary sources of a-HULIS, including agricultural practices of crop
straw burning, large-scale forest fires and extensive use of biomass
fuels for cooking and heating (Graber and Rudich, 2006; Hoffer
et al., 2006; Laskin et al., 2015). For example, a-HULIS contribute
to ~63 ± 5%, 36 ± 8% and 51 ± 8% of the atmospheric WSOC
collected from burning emissions of rice straw, pine needle and
sesame stems, respectively (Park and Yu, 2016). In addition, fossil
fuel combustion and bubble bursting of sea-water have also been
recognized as substantial sources of primary a-HULIS (Cavalli et al.,
2004; Fan et al., 2016; Stone et al., 2009). Previous studies have
indicated that a-HULIS in vehicle exhaust can account for ~5% of the
PM2.5 (particulate matter with aerodynamic diameter less than
2.5 mm) mass concentration (El Haddad et al., 2009). In the Beijing
metropolitan area, coal burning contributed to ~25% of the annual
primary emission of a-HULIS (Li et al., 2019). In the marine atmo-
sphere, the sea-to-air transfer of marine organic compounds leads
to a significant enhancement of a-HULIS in sea spray aerosols,
especially those characterized by peak M (Miyazaki et al., 2018).

Although multiple primary emissions contribute largely to a-
HULIS, a field observation in the Pearl River Delta Region of China
has found that the mass ratio of a-HULIS/OC (~0.6 mg/mgC) in
ambient aerosols was nearly twice of that in samples from fresh
emissions of rice straw burning (0.34 ± 0.05 mg/mgC), indicating a
substantial amount of a-HULIS are produced during secondary
formation (Lin et al., 2010). The main secondary sources of a-HULIS
are multiphase (i.e. aqueous and gas-particle) reactions of phenolic
and carbonyl compounds as well as other VOCs leading to
condensed phase SOA products (Table 1). Specifically, products of
the aqueous phase reactions of glyoxal and formaldehyde with
ammonium sulfate and amine show strong EEM peaks that are
detectable in the areas overlapping with peaks C (i.e., fulvic acid)
and A (i.e., humic acid), respectively, after 4 h to 6 days of reaction
(Hawkins et al., 2016). Furthermore, the characterization of these
products with UV-VIS spectrophotometry showed high similarity
with a-HULIS, demonstrating SOA formation as a main source
(Hawkins et al., 2016). The oligomerization of phenolic compounds
in the atmosphere is another important secondary source of a-
HULIS (Barsotti et al., 2016). The emission wavelength shows an
increasing trend until reaching the wavelength of 450 nm, a typical
Table 1
The secondary formations of a- HULIS identified in previous studies.

Reaction type Precursors

Aqueous reactions (e.g., oligomerization) Glyoxal, methylglyoxal, glycolaldehyde
Phenolic compounds (e.g., phenol, guaiaco
Phenolic compounds (e.g., phenol)
Carbonyl compounds (e.g., acetaldehyde)

Gas-particle reactions d-limonene, a-pinene

6

fluorescence region of a-HULIS, as the number of aromatic com-
pounds increase during oligomerization. Moreover, the gas phase
oxidation products of certain VOCs (e.g., limonene and a-pinene) by
ozone and hydroxyl radicals also showed strong fluorescence
emissions overlapping with a-HULIS regions (Ex./Em. ¼ 420 ± 50
nm/475 ± 38 nm), which were comparable with bioaerosols (e.g.,
bacteria) in the atmosphere (Lee et al., 2013). Given the high
abundance of VOCs (Jimenez et al., 2009), the secondary formations
of fluorescent compounds are likely common in atmosphere
(Nozi�ere et al., 2007). A recent study found that secondary forma-
tion is responsible for 49e82% of the a-HULIS in urban (Guangz-
hou) and suburban (Nansha) atmospheres in China (Kuang et al.,
2015).

4.2. Sources of a-PRLIS

The a-PRLIS have been attributed to primary emissions from
both anthropogenic (e.g., vehicle and biomass burning) and
biogenic (e.g., marine) sources (Fu et al., 2015; Mladenov et al.,
2011; Wu et al., 2019). Given the large diversity in source emis-
sions, the source characteristics of a-PRLIS vary between different
geographic locations.

Ocean covers most of the surface area of the Earth and is also an
important source of fluorescent compounds (Coble, 2007). The
marine fluorescent compounds originate from microbial activities
within themarine ecosystem (autochthonous origin) as well as from
external sources such as runoff of organic compounds from land
surfaces and wet deposition (allochthonous origin) (Carstea, 2012)
(see Fig. S1). The marine fluorescent compounds are injected into
the atmosphere through sea spray processes driven by wind
(Miyazaki et al., 2018). In the Arctic atmosphere, the fluorescence
signal of a-PRLIS increases during the polar daytime period,
consistent with an increase of biogenic organic tracer (i.e., meth-
anesulfonic acid), underlining the importance of sea-to-air emis-
sions of marine organic compounds (Fu et al., 2015). Moreover, the
HIX of Arctic aerosols was reported to decrease from 5.2 to 0.7 over
the time period from February to June, indicating emissions of
autochthonous marine organic compounds (Fu et al., 2015). In the
eastern equatorial Pacific Ocean, the a-PRLIS contribute signifi-
cantly (i.e. ~34% to the total fluorescence intensity) of atmospheric
WSOC. This implies strongmarine emissions of organic compounds
related to autochthonous microbial activities, which are substan-
tially higher than those detected in WSOC from an urban atmo-
sphere (Chen et al., 2016b).

Biogenic emissions (e.g., spores and pollen) (Pan, 2015; Poehlker
et al., 2012; Wu et al., 2020) and biomass burning (Fan et al., 2020)
have been widely recognized as important sources of a-PRLIS in
continental aerosols. In contrast, the analysis of aerosol samples
collected over an urban atmosphere (i.e., Nagoya, Japan) revealed
that the corresponding a-PRLIS measurement showed no linear
correlation with nitrogen-containing ions (i.e., CxHyNp

þ
, common

tracers of biogenically derived amino acids) (Chen et al., 2016b),
suggesting that a-PRLIS in urban environments may not be related
to biogenic emissions. However, recent studies have revealed that
the SOA formed from oxidation of naphthalene, a common
Oxidants Reference

Ammonium sulfate, amines Hawkins et al. (2016)
l and syringol) H2O2 and UV light Chang and Thompson (2010)

Barsotti et al. (2016)
Amino acids, ammonium sulfate Nozi�ere et al. (2007)
O3, OH Lee et al. (2013)
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polyaromatic VOC emitted from fossil fuel combustion, and
exhibited fluorescence characteristics similar to those of a-PRLIS
(Mladenov et al., 2011; Wu et al., 2019). Therefore, atmospheric
WSOC from vehicle emissions may contribute to a-PRLIS, as re-
ported at urban and suburban locations in Europe, e.g., Granada,
Spain (Mladenov et al., 2011), Aveiro, Portugal (Matos et al., 2015),
South Asia (Godavari, Nepal) (Wu et al., 2019) and East Asia
(Nagoya, Japan) (Chen et al., 2016b). Thus, the detection of a-PRLIS
fractions in atmosphericWSOC is not always a unique fingerprint of
‘protein-like substances’ from biogenic sources, rather it can also be
influenced by anthropogenic emissions, especially in urban regions.
Therefore, interpretation of the fluorescence characteristics of at-
mospheric WSOC must be done cautiously because little is known
about the factual relationship between detected a-PRLIS compo-
nents and their emission sources.

5. Effects of atmospheric aging on the fluorescence properties of a-
HULIS and a-PRLIS

The chemical properties of a-HULIS and a-PRLIS are not only
related to the emission sources (as summarized in Section 4) but
also impacted by photochemically driven aging reactions and
processes in the atmosphere during transport (Aiona et al., 2018;
Laskin et al., 2015; Lee et al., 2014). The fluorescence intensity of
atmospheric organic compounds can be efficiently photobleached
by solar radiation. Specifically, the fluorescence intensity of organic
aerosol from biomass burning decreased rapidly after a 4 h solar
irradiation, which was attributed to the photochemical decompo-
sition of conjugated p-bonds (Zhong and Jang, 2014). Similarly, the
fluorescence intensity of naphthalene-SOA also decayed substan-
tially after ultraviolet irradiation, corroborated by molecular char-
acterization indicating the destruction of large aromatic molecules
in the SOA and the formation of more aliphatic products (Lee et al.,
2014). In addition to the photobleaching by solar irradiation,
various oxidants (e.g., hydroxyl radicals, ozone and NOx) have also
been reported as important drivers of fluorescence quenching (Fan
et al., 2019). The Fenton-like reaction of ferrous ion (Fe2þ) and
hydrogen peroxide (H2O2) is an efficient source of reactive hydroxyl
radical (�OH) in the atmosphere (Santos and Duarte, 2015; Vione
et al., 2006). The hydroxyl radical reacts with p-bonds of fluores-
cent compounds through hydroxyl radical addition could yield
oxygenated reaction products (e.g., carboxylic acids, organic per-
oxides, aldehydes and ketones) (Bianco et al., 2016; Fan et al., 2019)
and weaken the fluorescence intensity. Furthermore, photochem-
ical decomposition of fluorescent compounds, a-HULIS in partic-
ular, leads to the formation of organic and hydrogen peroxides
(Nakajima et al., 2008; Win et al., 2018), which drive additional
condensed-phase reactions of atmospheric WSOC. Therefore, the
photolysis of fluorescent components in the atmosphere could be
impacted by oxidants from both external and internal
environments.

The overall effect of sunlight photolysis on the fluorescence
intensity of atmospheric WSOC is photobleaching, while specific
fluorescent components exhibit different degradation extents,
depending on their individual chemical compositions and aerosol
pH. Specifically, the photolysis effects on the fluorescence charac-
teristic of SOA derived from the NOx driven oxidation of benzene
(ben-SOA), toluene (tol-SOA), p-xylene (xyl-SOA) and naphthalene
(naph-SOA) showed that the fluorescence intensity of xyl-SOA
exhibit a faster decrease (more than 2 times) than those of ben-SOA
and tol-SOA (Aiona et al., 2018). In contrast, the fluorescence in-
tensity of naph-SOA increased by ~50% in the 320e400 nm spectral
range after photolysis, which we already noted as the a-PRLIS re-
gion (Aiona et al., 2018). In this case, the buildup of the fluorescence
features was attributed to the photochemical production of small
7

aromatic molecules with carboxylic and other oxygen-containing
groups. Another study reported that fluorescence quenching of
atmospheric WSOC from rice straw burning was more pronounced
than that from pine wood burning emission (Fan et al., 2019). The
tryptophan-like substances were more susceptible to hydroxyl
radical oxidation compared to other commonly existing compo-
nents (i.e., tyrosine-like and humic-like substances) (Fan et al.,
2019). The authors attributed these observations to different �OH
reaction susceptibilities of tryptophan-like, tyrosine-like and
humic-like substances, which may transform apparent fluores-
cence properties from a-PRLIS into a-HULIS regions on the EEM
maps (Fan et al., 2019). Similar conclusions were also drawn based
on the analysis of atmospheric WSOC collected at Mt. Tai, China, an
elevated site (1534 m a.s.l.), where the atmosphere is mostly gov-
erned by regional advection and long-range transport (Yue et al.,
2019). However, all newly formed a-HULIS from Fenton-like
chemistry disappeared in less than 48 h, demonstrating that the
new a-HULIS may be relatively short-lived (Santos and Duarte,
2015). To conclude, while the overall effect of atmospheric aging
is reducing the fluorescence intensity of atmospheric WSOC, the
exact mechanisms of these processes are complex, component-
specific and needs more detailed investigations.

6. Limitations in fluorescence measurements of atmospheric WSOC

The most significant limitation at this time is the lack of estab-
lished fluorescence standards, which can reveal unique EEM
spectroscopy characteristics of atmospheric WSOC. Presently, the
identification of fluorescent components in atmospheric WSOC
mainly refers to the excitation/emission regions derived from the
analysis of marine and terrestrial organic matter (Aitkenhead
Peterson et al., 2003; Coble, 2007; Lapierre and Frenette, 2009;
Lapierre et al., 2013). In fact, there are many differences existed in
the chemical characteristics of fluorescent components between
atmosphere and aquatic environments (Graber and Rudich, 2006).
The sources of aquatic fluorophores are mainly attributed to local
autochthonous formations from microbial activities, as well as
external allochthonous organic compounds either washed out from
terrestrial surfaces or accumulated through dry and wet de-
positions from airborne sources, as illustrated in Fig. S1. In contrast,
the fluorophores in atmosphere originate from substantially
different natural and anthropogenic sources, including biomass
burning (e.g., forest fires and agricultural crop burning), SOA from
biogenic VOCs (e.g., isoprene and monoterpenes, etc.) and anthro-
pogenic VOCs (e.g., aliphatic and aromatic hydrocarbons from
incomplete combustion and fuel spills).

The differences in sources lead to discrepancies in chemical
composition of fluorophores pertinent to atmospheric and aquatic
organic compounds. Specifically, it has been reported that the mass
ratios of H/C and N/C in atmospheric WSOC were higher than those
measured for marine and terrestrial organic matter, highlighting
the more aliphatic structure and lower oxidation degree of atmo-
spheric WSOC (Duarte et al., 2007). Further differences of a-HULIS
compared to aquatic and terrestrial organic matter include: smaller
molecular weight, lower aromaticity, greater surface activity and
higher droplet activation property (Graber and Rudich, 2006).
However, biomass burning emissions can result in a high content of
aromatic structures in atmospheric WSOC (Yassine et al., 2014),
which increase the apparent HIX values approaching to those of
aquatic organic compounds (Lee et al., 2013). The fluorescence
properties of atmospheric WSOC are also influenced by photo-
chemical reactions during aging and transport (Section 5 and ref-
erences therein). Given the differences in chemical compositions of
atmospheric and aquatic fluorophores, the previously established
fluorescence parameters (i.e., FI, HIX and BIX) may not be related to
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possible sources and dynamics of atmospheric WSOC. For example,
the FI values (1.18e1.57) of atmospheric WSOC collected in the
Rocky Mountains in Colorado (USA) (Xie et al., 2016) is more close
to the terrestrially derived organic matter based on the existing
metrics (McKnight et al., 2001), but they rather indicate a plausible
source of photobleached biomass burning organic compounds (Xie
et al., 2016). Similarly, the BIX value, an indicator for the influence
of biological activities in aquatic environments, would be an
indicative of the extent of oxidization of atmospheric WSOC by
ozone and hydroxyl radicals (Lee et al., 2013). Considering the
above discussions, current fluorescence criterion derived from
aquatic environments may not be applicable in the atmosphere.

The plausible sources of fluorophores in atmospheric WSOC
rationalized using existing fluorescent metrics are summarized in
Fig. 4 and Table S2. We found that aging process is likely the main
factor impacting the HIX values of atmospheric WSOC and HIX
values tend to increase for aged aerosols. For example, the HIX
values of aged SOA from the oxidation of d-limonene and a-pinene
were approximately 2 or 3 times higher than those of their fresh
SOA samples (Lee et al., 2013). Field research at Granada (Spain)
also confirmed that WSOC fractions of aerosol from the long-range
transport over Sahara showed higher HIX values than local emis-
sions (Mladenov et al., 2011). These studies suggest that the aging
process increases the aromaticity of organic aerosols, but weakens
their availability for microbial utilization (Birdwell and Engel,
2010). From Fig. 4b, it may be noted that the biological index of
WSOC also varies with sources, e.g., atmospheric WSOC from bio-
logical and anthropogenic origins tend to have higher BIX values
than those from aged and fresh SOA. Therefore, the FI, HIX and BIX
indexes need to be redefined for the source apportionment of
Fig. 4. Comparison plots of FI (a) and BIX (b) with HIX for atmospheric WSOC from different
burning aerosol from the Arctic (Fu et al., 2015) and the Rocky Mountains, Colorado, USA
(Mladenov et al., 2011), terrestrial and microbial derived organic aerosol from Northwest of C
from Mt. Tai (North China Plain) (Zhao et al., 2019). The specific values of HIX, FI and BIX u
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atmospheric WSOC.
The PARAFAC model has been used as a powerful tool to identify

the fluorescent components in WSOC and quantify their relative
contributions. However, caution should be taken when applying
PARAFAC model for atmospheric WSOC studies, because equal
treatment of various samples with source-specific differences in
chemical composition may lead to undesired artifacts (Mostofa
et al., 2019; Yu et al., 2015). It should also be noted that different
emission sources incorporate different fluorescent components,
and even the same fluorophores exhibit different emission in-
tensities in different macromolecular environments. A comparison
of the experimental fluorescence spectra and relevant values
modeled by PARAFAC showed that the differences in PARAFAC re-
sults varied from 10.0% to 35.4% between analyses with annual and
seasonal datasets, and 8.5%e40.1% for single-site and combined-
site analyses (Wang et al., 2019). Therefore, it should be possible
to separate aerosol samples into different groups according to their
environmental characteristics or seasons before PARAFAC
modeling.

7. Future perspective

Given the diverse sources and complex aging processes of
organic aerosols in the atmosphere, more theoretical and experi-
mental studies are needed to improve our current understanding of
the fluorescence properties of WSOC. Here, we list a few important
issues that need to be addressed in future studies:

(1) New fluorescence indexes need to be established to relate
specific excitation/emission wavelengths of commonly
sources, including fresh and aged SOA from a chamber study (Lee et al., 2013), biomass
(Xie et al., 2016), soil and diesel exhaust aerosol from urban area of Granada (Spain)
hina (Lanzhou city) (Qin et al., 2018), as well as anthropogenic and biological emissions
sed in this graph are also listed in Table S2.
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identified atmospheric fluorescent components (i.e., a-HULIS
and a-PRLIS), and establishing relationships between fluo-
rescence parameters (i.e., FI, HIX and BIX) and the sources of
atmospheric WSOC. These indexes should be practical for a
quick and accurate assessment of fluorophores in atmo-
spheric aerosols. To achieve this goal, more data of EEM
profile, fluorescence parameters in different emission sour-
ces, such as biomass burning emission, fossil fuel combus-
tion, secondary organic aerosol from biogenic and
anthropogenic VOCs, are needed to elucidate the variability
of the fluorescence characteristics of atmospheric WSOC.

(2) The development of new isolation protocols to separate
different fluorescent compounds in atmospheric WSOC. The
fluorophores in WSOC have a complex mixture of different
compounds, separation of them before measurement will be
an effective and practical way to improve fluorophore
detection and reduce uncertainties in their quantitative
assessment. Solid-phase extraction (Duarte et al., 2004; Fan
et al., 2012; Wu et al., 2018) and chromatographic separa-
tion (Kriv�acsy et al., 2000) have been frequently used in
HULIS studies, yet they have been underutilized for analysis
of PRLIS. Therefore, analytical protocols are needed for
standardized measurements that can be comparable across
different studies reporting fluorescence properties of atmo-
spheric WSOC.

(3) The experimentally measured fluorescence spectrum of at-
mospheric WSOC may be affected by co-existing water-sol-
uble inorganic components such as metal cations and anions
of common salts (see SI). Ions could concentrate in solution
after sample collection and water extraction following the
common preparation steps. Therefore, the fluorescence
signal may be distorted bymodulating the pH of solution and
by forming organo-metallic polymers (Henderson et al.,
2009; Hudson et al., 2007). Although the quenching effects
from various factors (e.g., ions, metals, pH and temperature)
have been extensively documented for aquatic organic
compounds (Poulin et al., 2014; Timko et al., 2015), very little
is known about this in atmospheric aerosols.

(4) A significant fraction of organic matter in atmospheric
aerosols is insoluble in water and plays an important role in
light absorption and fluorescence emission (Chen et al., 2017;
Wu et al., 2020; Xie et al., 2020). Certain organic solvents
(e.g., methanol) have high extraction efficiency (~85%) for
insoluble organic compounds (Cheng et al., 2016). Various
organic solvents should be used to extract and analyze the
fluorescence properties of water-insoluble factions of
organic aerosols, which in turn will provide more compre-
hensive characterization of the fluorescence properties of
atmospheric aerosols.
8. Conclusions

This review presents current understanding and progress of
fluorescence applications in atmospheric WSOC research. By
combining the EEM profile with PARAFAC analysis and fluorescence
indexes (i.e., FI, BIX and HIX), the fluorescence technique has been
extensively employed to investigate the chemical compositions,
sources and atmospheric aging of organic aerosols. Based on spe-
cific excitation/emission peaks in EEM, a-HULIS and a-PRLIS were
identified as common fluorescent compounds in the atmosphere.
The fluorescence properties of a-HULIS and a-PRLIS are not only
influenced by emission sources but also aging processes in atmo-
sphere. The fluorescent compounds in atmosphere differ from
those in hydrosphere from the aspect of chemical composition and
9

sources. Therefore, the fluorescence criterion based on aquatic
analysis may not be applicable in atmosphere. New fluorescence
standard for atmospheric aerosols is in urgent needed to establish
based on extensive source-specific experiments.
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