journal of environmental sciences 108 (2021) 8–21

Available online at www.sciencedirect.com

www.elsevier.com/locate/jes

Revealing the characteristics of dissolved organic
matter in urban runoff at three typical regions via
optical indices and molecular composition
Zhenliang Liao 1,2,3,4,∗, Jiangyong Chu 2,3,4, Chongjia Luo 2,3,4, Hao Chen 2,3,4,5
1 College

of Civil Engineering and Architecture, Xinjiang University, Urumqi 830046, China
Institute of Environment for Sustainable Development, College of Environmental Science and
Engineering, Tongji University, Shanghai 200092, China
3 Key Laboratory of Yangtze River Water Environment, Ministry of Education, Tongji University, Shanghai 200092,
China
4 Shanghai Institute of Pollution Control and Ecological Security, Shanghai 200092, China
5 Shanghai Academy of Environmental Sciences, Shanghai 200233, China
2 UNEP-Tongji

a r t i c l e

i n f o

a b s t r a c t

Article history:

Dissolved organic matter (DOM) plays a major role in ecological systems and influences

Received 23 November 2020

the fate and transportation of many pollutants. Despite the significance of DOM, under-

Revised 24 January 2021

standing of how environmental and anthropogenic factors influence its composition and

Accepted 8 February 2021

characteristics is limited, especially in urban stormwater runoff. In this article, the chemical

Available online 24 February 2021

properties (pollutant loads, molecular weight, aromaticity, sources, and molecular composition) of DOM in stormwater extracted from three typical end-members (traffic, residential,
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and campus regions) were characterized by UV–visible (UV–vis) spectroscopy, excitation-
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(UPLC-Q-TOF-MS). There are three findings: (1) The basic properties of DOM in stormwa-
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ter runoff varied obviously from three urban fields, and the effect of initial flush was also

characteristics

apparent. (2) The DOM in residential areas mainly came from autochthonous sources, while
allochthonous sources primarily contributed to the DOM in traffic and campus areas. However, it was mainly composed of terrestrial humic-like components with CHO and CHON
element composition and HULO and aliphatic formulas. (3) The parameters characterizing
DOM were primarily related to terrestrial source and aromaticity, but their correlations varied. Through the combination of optical methods and UPLC-Q-TOF spectrometry, the optical and molecular characteristics of rainwater are effectively revealed, which may provide a
solid foundation for the classification management of stormwater runoff in different urban
regions.
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Introduction
The dissolved organic matter (DOM), constituted by thousands
of degraded and freshly produced aromatic and aliphatic compounds, is a central component of biogeochemical cycles
(Kellerman et al., 2015). It is actively involved in a wide range
of microbes in soil and the aquatic food web, providing energy for biological metabolism (Jiao et al., 2010). Besides, DOM
is considered as an essential carrier of several pollutants via
binding with heavy metals and persistent organic pollutants,
altering solubility, toxicity, bioavailability, mobility, distribution, and ultimate fate of organic and inorganic contaminants
(Farrington and Takada, 2014; Romera-Castillo et al., 2018).
Hence, to minimize its negative influence on the ecological
environments, the research on the characteristics of DOM is
of great significance.
Considering that urban stormwater runoff could flush a
significant proportion of suspended materials and further dissolve large amounts of nutrients and organic compounds from
impervious areas (Santos et al., 2014), high loads of DOM have
been contained. Therefore, characterizing the properties of
DOM in stormwater runoff is critical for urban aquatic environments. Stormwater runoff has been considered one of the
major carriers of pollutants in urban aquatic environments,
influencing the quality of receiving water and the degradation of the aquatic ecological environments (Baum et al., 2013).
Forms and concentrations of pollutants on stormwater runoff
are strongly influenced by the land-use characteristics and anthropogenic activities of the watershed (Paule-Mercado et al.,
2016; Delkash et al., 2018). In cities, the residential and campuses areas are the places where humans are densely populated, which are greatly affected by anthropogenic activities.
Furthermore, critical source areas of urban runoff pollution
are heavy vehicular traffic or sites with many vehicular starts
(Shirley and Robert, 2012). Thus, deciphering the characteristics of DOM in urban stormwater runoff from residential, traffic, and campus catchments may provide great opportunities
for attenuating pollutants transported in runoff before entering the hydrological network in watersheds.
Early researches of urban rainwater predominantly focused on its pollutant distribution and production (Paul and
Meyer, 2001; Sun et al., 1997). The DOM in urban stormwater has been frequently quantified by surrogate parameters, such as biochemical oxygen demand (BOD), chemical
oxygen demand (COD), total organic carbon (TOC) (Lee and
Bang, 2000; Goonetilleke et al., 2005; Kawasaki et al., 2011).
As the DOM has complex chemical compositions and diverse
structures, these parameters provided only limited proxy information on the quality of DOM. Intrinsic molecular properties are an important control of overall organic matter reactivity (Kellerman et al., 2015). Excitation-emission matrix
spectroscopy combined with parallel factor analysis (EEMPARAFAC) is considered a powerful tool to assess DOM’s nature. Relying on EEM detection, the complex fingerprints,
which reflected most of the organic structures contained in
the DOM, could be gotten. Then several typical DOM fitting components were analyzed through the PARAFAC model
(Zhao et al., 2016; Chen et al., 2017; Kellerman et al., 2018).
After that, a single fingerprint of these relevant components
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could achieve an indication of the DOM type and gain insight into their sources (Imai et al., 2001; Zhao et al., 2016;
Chen et al., 2017; Kellerman et al., 2018). Besides, optical methods can provide quantitative information on DOM by the relative contents of chromophores (Song et al., 2018). The technique, therefore, holds substantial advantages for more detailed offline or online monitoring.
Despite the widespread use of optical techniques, a fundamental limitation of fluorescence is the lack of molecularlevel information. The optical and molecular composition
features of DOM in rainwater runoff, which determined its
source, reactivity, and fate, are the most critical characteristics
for receiving waterbody. Hence, combining fluorescence spectroscopy with a method that provides detailed molecular-level
information is needed to identify how optical properties are
related to the molecular characteristics. Ultra-performance
liquid chromatography quadrupole time-of-flight mass spectroscopy (UPLC-Q-TOF-MS) has reasonable specificity and
high resolution due to the mass accuracy provided by the resolution of TOF detectors combined with the molecular information obtained in the MS mode. This technique permits to
perform retrospective data analysis of samples in contrast to
tandem mass spectrometry. Q-TOF-MS detectors, coupled to
chromatographic systems, have proven to be a robust and reliable analytical approach for identifying untargeted analytes
(Broecker et al., 2012; Ni et al., 2010). The use of UPLC-Q-TOFMS for DOM characterization provides a more widely available
and lower cost high-resolution MS alternative to Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS)
(Brock et al., 2019).
Up to now, the optical and molecular composition features
of DOM, which determine its reactivity and fate, were seldom investigated in urban stormwater runoff (Chen et al.,
2017). Furthermore, only a few studies have focused on molecular composition differences and variations in DOM behavior resulting from land-use influences (Wilson and Xenopoulos, 2009; Zhao et al., 2015), especially in different functional
areas of the modernized cities. To bridge these gaps in knowledge, this article was to unveil optical properties and molecular information (pollutant loads, molecular weight, aromaticity, sources, and molecular composition) and further compare
the differences of the DOM in urban stormwater runoff from
residential, traffic, and campus areas. The optical signatures
were described through UV–vis and EEMs analysis, and UPLCQ-TOF-MS provided an insight into the molecular composition
of DOM in urban stormwater runoff.

1.

Materials and methods

1.1.

Sample collection and preparation

Urban stormwater runoff samples were collected (in spring) at
three sampling regions: residential, traffic, and campus fields
in Shanghai, China (Yangpu District, Area: 60.61 km2 ) (the detailed information of sampling sites was in supplementary
data). Meteorological data were recorded, including rainfall
(48.6 mm), rain duration (142 min), relative humidity (94%),
atmospheric pressure (29.40 mmHg), and surface temperature (23 °C). The antecedent dry period was more than 48 hr.
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All sampling regions are impervious surfaces, facilitating the
study of the chemical features and spatial variation of DOM in
stormwater runoff.
At each sampling site, the nine individual samples were
collected into polyethylene bottles (1000 mL), at the time of 0,
2, 5, 10, 20, 30, 50, 70, 90 min, after the start of runoff events
(when rainfall runoff formed, it was defined as t = 0 min).
Each sample was labeled by the corresponding regions (1, 2,
3,…,8, 9). After collection, the samples were filtered through
hydrophilic PVDF Millipore membrane filters (0.45 μm) and
tested as soon as possible. Otherwise, the remaining samples
should be stored at 4 °C in the dark environment, demonstrating the optimum for maintaining the samples’ unchanged
optical properties. All the analyses were finished within one
week. Each detected data was tested three times and averaged.

1.2.

Analytical methods

1.2.1.

UV-visible spectroscopy

All the filtered samples were analyzed in dissolved organic
carbon (DOC) with a TOC analyzer (Shimadzu 5000, Japan).
UV–vis full wavelength scanning spectra were recorded by
a UV-2550 (Ultraviolet-visible) spectrophotometer (Shimadzu,
Japan) in the range of 240–800 nm, and 1 cm quartz cells were
selected to conduct the UV–vis analysis. Ultrapure water was
used as blanks. The specific UV–vis absorbance at 254 and
280 nm (SUVA254 and SUVA280 ) was calculated by dividing the
absorbance at 254 and 280 nm (UV254 and UV280 ) by DOC concentration. E2 /E3 was the absorbance ratio at 250 and 365 nm
(E2 /E4 was the ratio of absorbance at 240 and 420 nm). Absorption coefficients (aCDOM ) (Hu et al., 2002) were obtained using
the following equation:
aCDOM (λ) = 2.303 · ACDOM (λ)/L

(1)

where ACDOM is the absorbance of chromophore-containing
DOM at wavelength λ, L is the path length of the optical cell
in meters (0.01 m for our measurements), and 2.303 is the
common-to-natural logarithm conversion factor.
The equation calculated the spectral slope coefficient (S,
μm) (Stedmon et al., 2000):
aλ = aλ0 eS(λ0 −λ) + K

(2)

Where aλ is absorption coefficients, λ0 is a reference wavelength, λ is the selected wavelength, aλ0 is the absorption coefficients at reference wave, K is a background parameter.
Moreover, the spectral slope ratio (SR ) (Helms et al., 2008)
was calculated by Eq. (3)
SR =

S275−295
S350−400

(3)

S275–295 is a linear fitting of the log-transformed absorption
coefficient in wavelengths of 275-295 nm, S350–400 is a linear
fitting of the log-transformed absorption coefficient in wavelengths of 350-400 nm.

1.2.2.

Fluorescence spectroscopy

EEM spectra were recorded by a Fluoromax-4 spectrofluorometer (Horiba, America) under the constant temperature of 20
± 2 °C. The excitation (emission) wavelengths of the EEM were

incrementally increased in 5 nm steps from 250 to 450 nm (300
to 550) with a PMT voltage of 700 V and a scanning speed of
1200 nm/min. The Raman scatters (Zepp et al., 2004), innerfilter effects (Yang et al., 2015), and metal ion fluorescence
disturbances (Flerus et al., 2012) were eliminated, which had
been described by the previous study in detail. Briefly, the
preprocessed samples were adjusted to pH = 2 ± 0.2, and
10 mmol/L ionic strength using a KCl solution of 0.1 mol/L
strength. Delaunay triangulation interpolation algorithm was
used for handling the first- and second-order Rayleigh scatters regions before PARAFAC (Zepp et al., 2004). The PARAFAC
modeling (performed by MATLAB R2018a with the DOM-Fluor
toolbox, www.models.kvl.dk/source) (27 samples were used
in this article) had been described in the previous article
(Williams et al., 2010). Four components of DOM were obtained
by PARAFAC modeling, and split-half analysis was used to validate the identified components. The component distribution
was calculated based on the Fmax (Raman units) of each identified composition.
Humification index (HIX) was calculated by dividing the
peak area of the emission wavelengths between 435 and
480 nm by that between 300 and 345 nm, both at the excitation wavelength at 254 nm (Kamjunke et al., 2015). Biological index (BIX) was calculated at the excitation wavelength of
310 nm, by dividing the emission intensity at 380 and 430 nm
(Kellerman et al., 2015). Fluorescence index (FI) was calculated
by the ratio of emission intensity at 450 nm and 500 nm under
the excitation wavelength of 370 nm (Maknight et al., 2001).

1.2.3.

Molecular composition characterization

The solid-phase extraction (SPE) was performed before the
UPLC-Q-TOF-MS measurements using Bond Elut cartridges
(PPL sorbent, Agilent, Inc.). Briefly, samples were acidified by
hydrochloric acids to pH = 2, improving the extraction efficiency of phenolic and carboxylic components (Dittmar et al.,
2008). The acidified samples (200 mL urban stormwater runoff)
were pumped at about 2 mL/min through the Agilent Bond
Elut-PPL, which is pre-activated with 5 mL methanol (HPLC
grade) and 5 mL acidified ultrapure water with pH = 2. Subsequently, the cartridges were rinsed with 10 mL hydrochloric acids (0.1 mol/L) to remove the residual salts, and then
the DOM in cartridges was eluted by 6 mL HPLC methanol for
30 min. After the eluents completely dried using high purity
N2 (>99.999%), the DOM in eluents was solved with 2 mL HPLC
methanol. The extracted samples were stored at −20 °C until
UPLC-Q-TOF-MS analysis.
A Bruker Daltonics impact II UPLC-Q-TOF-MS (Bremen,
Germany) equipped with an electrospray ionization source
(ESI), which was coupled with the UPLC system (Waters Iclass, American), was introduced to carry out the molecular
characterization of the DOM in urban stormwater runoff. The
ESI needle voltage (negative ions mode) and the mass range
were set at 4.5 kV and m/z 50–1100 Da, respectively. The nebulizing gas pressure was 1.8 bar, and the dry gas (N2 ) temperature was 200 °C with a 9.0 L/min flow rate. The samples were
separated by the ACQUITY UPLC BEH C-18 column (1.7 μm,
2.1 × 100 mm). 0.1% formic acid and 0.1% formic acid in acetonitrile were used as mobile phases A and B, respectively
(Wang et al., 2014). The procedure was running as follows: 0–
2 min, 2% B; 2–5 min, 5% B; 5–25 min, 95% B; 25–30 min, 95%
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B. The injection volume and flow rates were set as 20 μL and
0.3 mL/min, respectively. Besides, ultrapure water was used as
a blank.
The data were processed with DataAnalysis 4.0 (Bruker
Daltonics, Bremen, Germany). The processes consisted of the
following steps: date pretreatment (automatic m/z recalibration to avoid mass drift and export to mzML files), extraction
and alignment of chromatographic and mass spectral data,
rule-based filtering based on minimal intensity (absence in
sample blanks and ubiquitous presence in replicates), and
automatic calculation of molecular formulae based on highresolution MS data (Brock et al., 2019). The principle of molecular formula matching is based on previous research (Koch and
Dittmar, 2006).

1.2.4.

Statistical analyses

To simplify the various environmental parameters of DOM,
principal component analysis (PCA) (Hosen et al., 2014) was
employed by a number of the molecular indices derived from
the UV–vis and fluorescence spectra. Spearman correlation
analysis (Kellerman et al., 2018) on each parameter of DOM
in rainwater runoff was conducted to understand the correlation between various characterization indices. The PCA results
and Spearman correlation analysis were generated using SPSS
(version 24, IBM)
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applied as an index of chromophoric DOM abundances. In this
article, a (300) ranged from 15.89 to 178.94, 6.22 to 16.12, and
6.12 to 100.41 m−1 for traffic, residential, and campus areas,
respectively. Strong linear relationships can be found between
absorption coefficients and DOC concentrations (7.63 to 88.35,
4.24 to 14.67, and 4.66 to 49.60 mg C/L), depicted in Fig. 1b (Traffic, Residential and Campus, r2 = 0.99, 0.92 and 0.96).

2.1.3.

Absorbance ratios

Absorption ratios, defined as the ratios of the absorption coefficients at different wavelengths, had been popularly used
to analyze the chemical compositions of CDOM. The molecular sizes of CDOM had been frequently determined by E2 /E3
(The ratios of the absorption at 250 to 365 nm), which was
inversely proportional to molecular sizes (Maizel and Remucal, 2017). In this study, the values of E2 /E3 decreased with the
rainfall events. E2 /E4 (The absorption ratio at 240 to 420 nm)
was used to reflect the humification procedure by previous research (Wang et al., 2013). The changing trends of E2 /E4 were
generally similar to E2 /E3 in that the values of the indices descended during the storm events.

2.1.4.

Spectral slope coefficient

The experimental results of this research include three parts:
UV–vis spectroscopy, fluorescence spectroscopy, and UPLC-QTOF-MS.

Her et al. (2008), through a linear fitting of log-transformed
absorption coefficients, derived S275–295 and S350–400 from the
wavelengths of 275-295 nm and 350-400 nm, respectively,
demonstrated that both S275–295 and the relative ratio of the
two spectral slopes (SR ) were negatively correlated with DOM
molecular weight. The average values of S275–295 and SR varied in traffic (0.018, 1.65), residential (0.015, 1.46), and campus (0.015, 0.88) regions, which hinted at the DOM molecular
weight (MW) in three different areas.

2.1.

2.1.5.

2.

2.1.1.

Results

UV–Vis spectra characteristics of dom
UV–Vis absorption spectra

The absorption spectra acquired for the traffic, residential,
and campus stormwater runoff were shown in Fig. 1a. For
all samples, the absorbance decreases with the increasing
wavelengths. Meanwhile, the absorption spectra of campus
areas exhibited an evident shoulder over 250–300 nm, because π /π ∗ electron transition occurs in this UV region for
highly conjugated π bond systems (phenolic, aromatic carboxylic, and polycyclic aromatic compounds) (Peuravuori and
Pihlaja, 1997). Besides, it was easy to find from Fig. 1 that the
order of absorbances with the same numbered samples is traffic > campus > residential, especially at the beginning of rain
events.
To clarify the nature of the DOM chromophores and get information about the molecular weight of DOM, the absorption
coefficients at specific wavelengths (aCDOM (λ)), absorption ratios, and spectral slope coefficient (S, nm−1 ), being parameters
inferred from UV–Vis spectra, were introduced to demonstrate
how efficiently DOM absorbs light as a function of the wavelengths.

2.1.2.

Absorption coefficient

Absorption coefficients at specific wavelengths (aCDOM (λ)) had
been suggested to represent or to predict DOC concentrations.
Therefore, a (300), absorbance coefficient at 300 nm, could be

SUVA analysis

To evaluate the relative contents of the aromatic constituents
in DOM. SUVA254 and SUVA280 were also introduced, determined by the specific UV absorbance values at 254 nm
and 280 nm per mg/L DOC, respectively. The mean value
of SUVA254 (SUVA280 ) was 2.05 (1.39), 1.15 (0.86) and 2.00
(1.54) mg C−1 m−1 for traffic, residential and campus regions,
respectively.

2.2.
Excitation-emission matrix (EEM) and parafac
analysis of fluorescence spectroscopy
Excitation-emission matrices (EEMs) locations and fluorescence spectral loadings of the fluorescence components were
identified by PARAFAC modeling in stormwater under different regions. The absorption spectra and typical fluorescence
EEMs of the three end members are shown in Appendix A
Fig. S2-4. The traffic regions exhibited a predominant fluorescence peak at emission/excitation wavelengths (Em /Ex ) of
310-345/420-470 nm, and a secondary peak at (Em /Ex ) 250270/420-470 nm matching the traditionally defined peak C and
A (Fellman et al., 2010). The opposite results in fluorescence intensities were found in residential areas; however, both peak
A and C displayed stronger fluorescence intensities in campus
regions. Furthermore, the intensities decreased sharply with
the storm events, which was in accordance with the results in
UV–Vis absorbance.
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Fig. 1 – The UV-visible spectrum of the stormwater runoff samples of three regions (a) and the linear fit of a (300) and DOC (b).

To identify and quantify the fluorescence peaks precisely,
the fluorescence EEM spectra were decomposed into individual components using the advanced PARAFAC modeling
(Ohno and Bro, 2006). Four fluorescent components were finally identified (Fig. 2). Briefly, component C1 (Ex /Em ≤ 260,
320/430-440 nm) has two distinct peaks with terrestrial origin
components, which had been defined as peak A and C, representing a more bioavailable humic of either autochthonous
or terrestrial origin (Lutz et al., 2012; Osburn et al., 2012).
Component C2 (Ex /Em = 280, 370-385/470-520 nm) is a
ubiquitous and recalcitrant (terrestrial) humic-like component (Lutz et al., 2012; Osburn et al., 2012). Component C3
(Ex /Em = 255, 285/400 nm) is an anthropogenic and microbial originated humic-like and fulvic-like compound (Cory and
Mcknight, 2005). Component C4 (Ex /Em = 300/370 nm) is a microbial humic substance (Osburn et al., 2012).
The fluorescent intensities of each component decreased
with the storm events; however, the relative proportions were
almost kept stable (Fig. 3). Additionally, the C1-C4 components
were contained in traffic areas (stormwater runoff), and the
stormwater in campus regions only had two components (C1
and C2). On the contrary, more sophisticated components contributed to the stormwater of traffic areas.

2.3.
Variations in fluorescence indices and DOM
components
Fluorescence indices, including FI, HIX, and BIX, were applied to characterize the DOM properties (Table 1). FI had
been used as an indicator of DOM sources, with low (≤1.2)
values for terrestrial origins (lack of microbial involvement)
(Mcelmurry et al., 2013). The relatively low FI values (1.03-1.06,

1.13-1.21, and 1.03-1.07 for traffic, residential, and campus, respectively) observed here are consistent with a dominant terrestrial DOM source in the storm flow. HIX is an indicator of
humic substance content or the extent of humification. Due to
the lower value of HIX in stormflow of residential area (3.244.51), it deduced that more humic-like substances were contained in stormwater of traffic and campus regions. In addition, the values of HIX decreased, whereas FI and BIX increased slightly or almost kept constantly in the whole storm
events.

2.4.

Molecular composition revealed by UPLC-Q-TOF-MS

Despite the widespread use of optical methods, the molecular
signature of DOM remains poorly defined (Wang et al., 2014).
UPLC-Q-TOF-MS is an excellent tool for giving the interpretation of molecular composition in stormwater runoff. Due to
the amounts of pollutants that were mainly included in the
first two samples according to the results of UV–vis and EEM
spectra, the first sample in each area was further investigated
by analysis in this study.
The raw data of the UPLC-Q-TOF-MS is displayed in Appendix A Fig. S5 that there are apparent differences in three
regions, especially in average ion peak intensities (following
the order: Traffic > Campus > Residential). Meanwhile, there
are also certain divergences in their peak position and distribution range.
UPLC-Q-TOF-MS enabled the assignment of molecular formulas, demonstrating the molecular complexity of urban
stormwater runoff. CHO molecular compositions present in
all stormwater reflecting more than 50% of the total molecular compositions, especially in traffic (61.7%) and campus ar-
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Fig. 2 – Excitation-emission matrices (EEMs) and fluorescence spectral loadings of the fluorescence components identified
by PARAFAC modeling in stormwater under different regions (a. traffic area; b. residential area; c. campus area).

eas (62.1%), and were primarily comprised of average H/C and
O/C ratio (Fig. 4). On the contrary, only about 10% of the components were attributed to CHONS formulae. The contents of
CHON and CHOS contained in traffic (15.2%, 13.9%), residential (20.4%, 15.4%), and campus (11.8%, 16.3%) areas between
the proportion of CHO and CHONS.
As previous research (Zhao et al., 2015), five types of compounds could be identified in Appendix A Fig. S6, which were
lipid, protein, cellulose, lignin, and condensed hydrocarbon
substances. However, a larger number of formulae could not
be contained from this classified method. Therefore, compound classes were further defined as follow: modified aromatic index (AImod ) values 0.5 to 0.67 and >0.67 were assigned as aromatic and condensed aromatic structures, respectively (Koch and Dittmar, 2006). Highly unsaturated, low
oxygen (HULO) = AI mod < 0.5, H/C < 1.5, O/C < 0.5; highly
unsaturated, high oxygen (HUHO) = AI mod < 0.5, H/C < 1.5,
O/C 0.5–0.9; aliphatics = H/C 1.5–2.0, O/C < 0.9, N = 0; peptides = H/C (Stubbins et al., 2014).

According to the classification principle, new diagrams
were depicted in Fig. 5, which included most of the formulas
detected from UPLC-Q-TOF-MS. Besides, different positions of
compounds could be differentiated distinctly from O/C and
H/C ratios. Furthermore, the peptides and sugar accounted for
a small percentage of the whole sample in three regions. This
result was consistent with that the CHO components were the
major compounds in urban stormwater runoff and none fluorescence of protein-like compounds. The sum of HULO and
aliphatic compounds accounted for 58.32% (traffic), 56.29%
(residential), and 50.10% (campus) of the stormwater, respectively. To further classify the molecular characteristic of DOM
in urban stormwater runoff, the relationships between mass
nucleus ratio and H/C, O/C were illustrated in Fig. 5. Nearly
90% of the matched molecular components were distributed
between 200 and 600 (m/z), with more average H/C (0.5-1.75)
and O/C (<0.8) ratio.
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Fig. 3 – Fluorescence intensities variations of the PARAFAC-derived fluorescent DOM components in stormwater runoff. (C1:
autochthonous or terrestrial origin humic-like components. C2: recalcitrant (terrestrial) humic-like components.C3:
anthropogenic and microbial originated humic-like and fulvic-like compounds.C4: Microbial humic substances).
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Fig. 4 – Van Krevelen diagrams for all identified DOM molecular formulas.
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Table 1 – - Basic parameters of stormwater runoff in three regions.
Name

NO.

FI

HIX

BIX

SUVA254

SUVA280

E2
E3

E2
E4

S275–295 (nm−1 )

SR (nm−1 )

a300

DOC

Traffic

1
2
3
4
5
6
7
8
9
1
2
3
4
5
6
7
8
9
1
2
3
4
5
6
7
8
9

1.03
1.04
1.05
1.06
1.06
1.05
1.06
1.05
1.05
1.18
1.18
1.14
1.14
1.16
1.21
1.13
1.19
1.18
1.03
1.03
1.03
1.04
1.03
1.03
1.04
1.07
1.03

14.00
14.02
10.22
9.33
8.24
7.86
7.34
7.02
6.66
4.51
4.31
3.93
3.60
3.24
3.26
2.94
3.56
3.53
10.78
10.61
9.17
8.42
7.82
7.56
6.79
6.37
5.92

0.57
0.60
0.67
0.68
0.70
0.72
0.74
0.74
0.73
0.52
0.52
0.51
0.51
0.52
0.52
0.53
0.52
0.52
0.50
0.49
0.50
0.50
0.49
0.50
0.49
0.49
0.51

1.88
2.01
2.05
1.97
2.24
2.09
1.83
2.05
2.36
1.09
0.82
1.24
1.04
1.28
1.17
1.20
1.28
1.22
1.65
1.68
2.08
2.52
2.17
1.93
1.86
1.93
2.19

1.26
1.23
1.33
1.30
1.57
1.39
1.29
1.44
1.73
0.72
0.66
0.95
0.79
0.98
0.85
0.90
0.95
0.93
1.21
1.22
1.64
1.99
1.70
1.52
1.39
1.49
1.73

7.75
11.22
6.51
5.14
3.95
6.20
7.50
4.54
3.65
7.20
5.17
3.97
4.33
3.00
3.79
3.00
1.80
3.36
8.20
6.55
4.93
3.38
4.18
5.81
5.13
4.13
3.29

19.82
54.00
11.71
7.93
5.48
14.50
10.13
9.00
6.00
32.00
11.67
7.25
8.88
5.31
8.33
4.64
6.90
6.92
29.00
19.81
15.22
5.50
9.58
10.00
8.89
8.00
6.83

0.0165
0.0208
0.0184
0.0181
0.0154
0.0189
0.0218
0.0169
0.0151
0.0228
0.0133
0.0156
0.0119
0.0168
0.0154
0.0134
0.0128
0.0148
0.0134
0.0137
0.0152
0.0132
0.0144
0.0159
0.0174
0.0183
0.0167

1.018
0.972
1.559
2.155
2.567
1.312
1.321
1.690
2.254
1.341
1.546
1.431
1.889
1.474
1.481
1.422
1.113
1.465
0.684
0.792
0.899
1.650
1.036
0.691
0.637
0.707
0.839

178.94
150.62
102.25
69.09
52.51
27.64
15.89
17.27
21.42
16.12
14.97
12.90
11.05
9.67
6.76
6.22
8.75
6.67
90.28
100.41
35.47
36.39
30.40
22.11
19.81
7.83
6.12

88.35
80.65
47.89
32.51
19.81
12.49
8.84
7.91
7.63
14.67
12.79
9.32
6.81
5.40
4.26
4.24
5.37
4.81
45.67
49.60
13.19
10.47
10.58
9.33
8.62
6.88
4.66

Residential

Campus

Fig. 5 – Van Krevelen plots for stormwater in three regions and data points are colored by the distribution of mass nucleus
ratio (m/z).
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3.

Discussion

The discussion mainly includes four parts: (1) Characterization of DOM through basic parameters; (2) The source and
molecular composition diversity analysis; (3) Correlation analysis of characterization parameters; (4) Combination of optical
methods and UPLC-Q-TOF.

3.1.
The characterization of basic parameters of DOM in
three regions
The contents of DOM vary significantly in three end-members
(traffic > campus > residential). Meanwhile, the effect of initial flush during rainfall events is noticeable. The molecular
weight of DOM follows the order of campus > traffic > residential areas. Additionally, the lower SUVA and AImod values
of DOM in the residential areas suggest fewer aromatic substances, which is also confirmed by the value of E2 /E4 , humification (HIX), and component C2.

3.1.1.

Relative loads and first flush effect

UV–vis absorbance represents the contents of DOM in
stormwater runoff to a certain extent. It could be easily
found (Fig. 1) that the contents varied obviously in three endmembers (Traffic > Campus > Residential). The results were
also confirmed by the DOC concentration (Table 1), fluorescence intensities (Appendix A Fig. S2-4), and average ion peak
intensity (Appendix A Fig. S5), which further proved the DOM
contents in three areas. Furthermore, the UV–vis absorbance
of the first few samples was significantly higher than that of
the latter, especially in samples 1 and 2. It could be explained
by the first flush effect (DOM) in urban stormwater runoff. Impervious surfaces, commonly in urban areas, provide the primary platforms for the deposition and accumulation of pollutants, which are subsequently washed-off by surface runoff
(Zepp et al., 2004). This causes contaminants to be washed
away in the early stage of rainfall, resulting in higher adsorption in the first few samples. The results were also confirmed
by the decreased trends of UV–vis absorbance and fluorescent
intensities of each component.

3.1.2.

Molecular sizes, weight, and aromaticity

In addition to the concentration of pollutants, molecular sizes
and weight are also worthy of attention. Both S275–295 and the
relative ratio of the two spectral slopes (SR ) are negatively correlated with DOM molecular weight (Koch and Dittmar, 2006).
The S values in this study are much lower than those reported
for wet precipitation (Kieber et al., 2006), suggesting that the
DOM in the stormwater runoff samples collected from three
areas had a higher molecular weight (campus > traffic > residential). The molecular sizes of DOM have been frequently indicated by E2 /E3 (Maizel and Remucal, 2017), which decreased
with rainfall events. It can be deduced that the smaller molecular sizes are contained in the first few samples. This result
indicates that the DOM on the underlying surface is subject
to more degradation. E2 /E4 reflects the degree of humification
(Wang et al., 2013), similar to E2 /E3 trends. It indicates that
the DOM in residential regions contained more humified compounds (Lutz et al., 2012; Osburn et al., 2012).
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The value of SUVA254 and SUVA280 generally increased with
the storm events, revealing that many aromatic structures
arise in the later samples. Previous studies also document an
increase in SUVA of DOM in storm events due to increased
inputs of surface sources (Wang et al., 2018; Nguyen et al.,
2013). The lower SUVA values of DOM in the residential area
suggest fewer aromatic substances in residential than campus and traffic areas, caused by the contents of the recalcitrant humic-like component. The results (aromatic: residential < traffic < campus) are also confirmed by the value of
E2 /E4, which reflects the procedure of humification (HIX) and
component C2 (Fig. 3) representing the recalcitrant humic-like
components. Meanwhile, the average modified aromatic index
AImod (Koch and Dittmar, 2006) of DOM in three regions (Appendix A Fig. S7) has a similar trend, verifying the aromaticity
results from optical properties.

3.2.
The source and molecular composition diversity
analysis
The DOM in residential areas mainly comes from the autochthonous sources with a higher unsaturation degree, while
allochthonous sources mainly contributed to DOM in traffic and campus areas. Meanwhile, the DOM has a high degree of biodegradability at the beginning of rainfall. HULO and
aliphatic formulas are the most dominant components in urban rainwater runoff, which are mainly contributed by average H/C (0.5-1.75) and O/C (<0.8) ratio, including CHO and
CHON molecular composition.

3.2.1.

Sources identification

The DOM in residential areas mainly comes from the autochthonous sources, while allochthonous sources mainly
contributed to DOM in traffic and campus areas. The fluorescence indices can be used to discriminate the sources of DOM
potentially, and the FI values (1.03–1.21) in this research suggest that the DOM in the stormwater are predominantly terrestrial sources (Fellman et al., 2010). The values of HIX (1016) have been the indicator of the strongly humic organic substances, whereas low values (<4) represent autochthonous organic components. Almost all the fluorescent peaks are derived from humic-like compounds, which accounts for the
larger value of HIX. Similar to our results, Inamdar et al. (2011)
had demonstrated that litter leachate had the highest HIX, the
lowest FI. It might indicate that litter leachates flow into the
stormwater in traffic and campus areas.
High HIX (6.66-14.02, 5.92-10.78) and low BIX values (0.570.74, 0.49-0.51) for the stormwater runoff (in traffic and
campus regions, respectively) suggested a predominantly allochthonous origin of the DOM. This result is similar to previous research (Zhao et al., 2015). However, the DOM in residential areas mainly comes from autochthonous sources. High
BIX values (>1) correspond to a biological origin (Salve et al.,
2012). The relatively low BIX values in this study suggest that
lower DOM is produced from biological processes in stormwater runoff. Compared with the DOM in residential and campus areas, biogenic factors affect DOM in traffic regions. The
results are also confirmed by component C4 (microbial humic substance), which only could be found in the traffic area
(Fig. 3).
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Fig. 6 – EMMA (end-member mixing analysis) plot using
BIX and FI values of three end members.
Fig. 7 – PCA based on optical indices for urban stormwater
runoff samples.
The BIX values of stormwater in traffic regions are slightly
higher than residential and campus runoff. The values range
from 0.49 to 0.749–0. , implying a low biological activity in
these regions (Lee et al., 2019). On the contrary, the FI values of
stormwater in residential are larger than in other areas. Furthermore, the plot of BIX against FI (Fig. 6) might be regarded
as a validation of the results that the values of the two optical indices (BIX and FI) discriminated well among the three
different end-members through end-member mixing analysis
(EMMA) (Cory and McKnight, 2005).

3.2.2.

The results were also confirmed by the molecular size,
which originated from the analysis of optical indices.

3.3.

Correlation analysis of characterization parameters

The parameters characterizing DOM are mainly related to two
aspects, terrestrial source and aromaticity. The DOC, molecular sizes, and humification degree of DOM in urban rainwater
runoff are strongly correlated. However, they have weakly relationship with aromaticity and molecular weight.

Molecular composition diversity analysis

The DOM in the residential area has a higher unsaturation degree than the DOM in traffic and campus regions. The larger
number of carbon and higher values of DBE (Appendix A Fig.
S8) compounds, which are an indicator of higher molecular
unsaturation (Smith et al., 2018), are mainly included with
CHO and CHON elemental compositions. The DOM in the residential area (10.91) has a high average DBE value, which indicates that it has a higher unsaturation degree compared to
the DOM in traffic (9.79) and campus (9.52) regions. The results
are also confirmed by the previous analysis of the optical properties for the DOM sources identification that autochthonous
end-members are positively correlated to more aliphatic compounds, lower aromaticity.
Accordingly, HULO and aliphatic formulas are the most
prevalent composition in urban stormwater, no matter their
regions (Fig. 5). The large proportion of humic-like compounds
can be explained by the high proposition of CHO and HULO
composition, which also further certified the accuracy of EEM
fluorescence spectra. Meanwhile, nearly 90% of molecular
components are distributed between 200 and 600 (m/z), with
the more average H/C (0.5-1.75) and O/C (<0.8) ratio (Fig. 5).
This result indicates that although the dissolved organic matter on the surface of the urban pavement has high pollutant
loads (DOC, UV–vis absorbances, and fluorescence intensities),
it undergoes a higher degradation degree comparing with the
samples after the first flushing effect.

3.3.1.

Principal component analysis (PCA)

To reveal the complexity in the optical characteristic of DOM
composition, principal component analysis (PCA) was employed by a number of the molecular indices derived from the
UV-vis and fluorescence spectra (Fig. 7). The principal component 1 (PC1) explained 62.69% of the total variances, while
17.27% of the variations was represented by PC2. The PC1
was positively associated with the parameters of C1, C2, C4,
HIX, E2 /E3 , and E2 /E4 , and it was negatively correlated with SR ,
SUVA280, and BIX (Fig. 7). The results indicated that the PC1 is
related to the terrestrial origin. Meanwhile, the positive loadings of the PC2 were dominated by SUVA254 and SUVA280, and
the S275–295 displayed the most negative loading on the PC2. It
demonstrated that the PC2 is correlated to the aromaticity.

3.3.2.

Spearman rank correlations

To better combine various parameters, Spearman correlation
analysis (Kellerman et al., 2018) on each parameter (Table 1)
of DOM in rainwater runoff is shown in Fig. 8. It indicates
that a300 , DOC, HIX, E2 /E3, and E2 /E4 have a good positive correlation with each other, while they have a weak relevance
with SUVA254 , SUVA280 , S275–295, and SR . Since each parameter reflects a different meaning for DOM, the DOC (a300 , DOC),
molecular sizes (E2 /E3 ), and humification degree (HIX, E2 /E4 )
of DOM in urban rainwater runoff are strongly correlated with
each other. However, they nearly have no relationship with
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fined by bulk characterization parameters, we conducted an
analysis of the correlation between the various indices
Our study presents the first comprehensive analysis of the
detailed molecular composition and optical characteristics of
bulk DOM in urban stormwater runoff by the combination of
optical methods and UPLC-Q-TOF. Through the characterization of DOM in runoff rainwater from three regions, their commonalities and differences are clearly demonstrated, providing theoretical information for effectively managing and preventing urban aquatic environments.

4.

Conclusions

This study demonstrated the characteristics of DOM in urban
stormwater runoff from three different end-members (traffic, residential, and campus regions) using UV-visible spectroscopy, EEM fluorescence spectroscopy, and UPLC-Q-TOFMS. The major conclusions of this study are as follows:
Fig. 8 – Spearman rank correlations between various
parameters of DOM in stormwater runoff.

aromaticity (SUVA254 , SUVA280 ) and molecular weight (S275–295 ,
SR ).

3.4.

Combination of optical methods and UPLC-Q-TOF MS

The combination of optical techniques and UPLC-Q-TOF spectrometry can mutually verify and complement with each
other and effectively unravel the characteristics of DOM in urban aquatic environments.
UV-vis combined with fluorescence spectroscopy can
roughly give the types and sources of DOM in urban aquatic
environments. The molecular composition, H/C and O/C ratios of DOM further clarify by UPLC-Q-TOF. The two methods
mutually verify and complement with each other (the absorption of UV, fluorescence intensity and mass spectrum ion peak
are related to the relative content of dissolved organic matter; SUVA254 and AImod verify aromaticity; the verification of
DBE and source; mutual verification between aromaticity and
source difference; the molecular compositions confirm and
supplement of for fluorescence traceability), and provide exclusive means for analyzing the characteristics of dissolved
organic matter in the urban aquatic environment.
The stormwater runoff carried many pollutants after the
first flush, which would have a significantly impact on the receiving water. Therefore, we first discussed the first flush effect and the relative load of pollutants in the three regions.
Secondly, we conducted a more in-depth analysis of DOM,
discuss and evaluate its intrinsic molecular size, molecular
weight, and aromaticity. Furthermore, we analyzed its source
and molecular composition since the apparent characteristics
of DOM in urban aquatic environments were mainly determined by its source (Chen et al., 2017). Meanwhile, the difference in DOM source was determined by the internal molecular
composition of DOM, so the DOM molecular composition was
discussed. Finally, because these properties were mainly de-

(1) The contents, molecular sizes, weight, and aromaticity of
DOM varied obviously in three end-members, and the effect of initial flush during the rainfall events was apparent.
(2) The allochthonous source was mainly attributed to DOM
in traffic and campus areas, while the DOM in the residential region predominantly came from the autochthonous
source. However, the DOM was primarily composed of terrestrial humic-like components with HULO and aliphatic
formulas, and CHO and CHON element composition.
(3) The PCA analysis indicated that DOM parameters are
mainly related to terrestrial source and aromaticity. The
DOC, molecular sizes, and humification degree of DOM
were strongly correlated with each other. However, they
had weakly relationship with aromaticity and molecular
weight.
(4) The combination of optical methods and UPLCQ-TOF spectrometry could mutually verify and complement each
other and effectively unraveled DOM characteristics in the
urban aquatic environments.
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