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Development of an indicator for characterizing particle size distribution
and quality of stormwater runoff
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Abstract
Stormwater particles washed from road-deposited sediments (RDS) are traditionally characterized as either turbidity or total
suspended solids (TSS). Although these parameters are influenced by particle sizes, neither of them characterizes the particle size
distribution (PSD), which is of great importance in pollutant entrainment and treatment performance. Therefore, the ratio of
turbidity to TSS (Tur/TSS) is proposed and validated as a potential surrogate for the bulk PSD and quality of stormwater runoff.
The results show an increasing trend of Tur/TSS with finer sizes of both RDS and stormwater runoff. Taking heavy metals (HMs,
including Cu, Pb, Zn, Cr, and Ni) as typical pollutants in stormwater runoff, the concentrations (mg/kg) were found to vary
significantly during rainfall events and tended to increase significantly with Tur/TSS. Therefore, Tur/TSS is a valid parameter to
characterize the PSD and quality of stormwater. The high negative correlations between Tur/TSS and rainfall intensity demon-
strate that stormwater with higher Tur/TSS generates under low intensity and, thus, characterizes small volume, finer sizes, weak
settleability, greater mobility, and bioavailability. Conversely, stormwater with lower Tur/TSS generates under high intensity and,
thus, characterizes large volume, coarser sizes, good settleability, low mobility, and bioavailability. These results highlight the
need to control stormwater with high Tur/TSS. Moreover, Tur/TSS can aid the selection of stormwater control measures with
appropriate detention storage, pollution loading, and removal effectiveness of particles.

Keywords Stormwater particles . Particle size distribution . Turbidity . Total suspended solids . Heavy metals . Stormwater
pollution control

Introduction

Stormwater particles, derived from the wash-off of road-
deposited sediments (RDS) during rainfall events, are poten-
tially toxic mediums containing pollutants such as nitrogen,

phosphorus, and heavy metals (HMs) (Beck and Birch 2012;
El-Mufleh et al. 2014; Zhang et al. 2013). These particles and
associated pollutants are generated from a wide range of nat-
ural and anthropogenic sources including wet and dry deposi-
tion, vehicle exhausts, tyre wear, road wear, brake pad lining
wear, abrasion of construction materials, and soil erosion,
among others (Bian et al. 2015; Soltani et al. 2015). Once they
enter into urban waterways without treatment, these particles
may not only lead to the clogging of waterway beds, refugia
loss, reduction of the exchange capacity between benthic and
water column zones, reduced food quality, smothering of bi-
ota, respiratory damage, and light attenuation but also pose
potential toxicity to aquatic systems due to the associated tox-
icants (i.e., HMs) (Blecken et al. 2012; Charters et al. 2015).
Therefore, the stormwater particles should always be the pri-
mary focus of stormwater control measures (SCMs) to pre-
serve waterways (Fassman 2012; Fulazzaky et al. 2013;
Maniquiz-Redillas et al. 2014; Yahyapour et al. 2014).

Knowledge of the particle properties particularly concen-
trations and particle size distribution (PSD) during rainfall
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events facilitates the effective management of stormwater pol-
lution. Characterized as total suspended solids (TSS), tradi-
tionally, stormwater particles have been thoroughly investigat-
ed in terms of concentrations, loads, intra- and inter-event
variability, and their relationships with other pollutants
(Chow and Yusop 2014; Herngren et al. 2005; Peng et al.
2016; Zhang et al. 2013). Nonetheless, as TSS in water causes
the scattering of light, turbidity has also been investigated as a
promising surrogate for TSS (Rügner et al. 2013). However,
neither TSS nor turbidity characterizes the bulk PSD of
stormwater particles, which determines the characteristics of
particles such as mobility, settleability, pollutant entrainment,
and removal efficiency of SCMs (Ying and Sansalone 2010;
Yun et al. 2010). Generally, fine particles have higher mobility
and weak settleability and transport more pollutants.
Researchers report a general trend of decreasing HM accumu-
lation with increasing particle sizes (McKenzie et al. 2008). In
addition, the removal performance of TSS by SCMs also de-
creases with finer PSD. Ferreira and Stenstrom (2013) found
that the removal percentages of < 8, 8~20, 20~100, and >
100 μm particles by a dry detention basin were 57~75%,
84~91%, 84~95%, and 100%, respectively. These highlight
the importance of the granulometry of stormwater particles in
stormwater pollution, as well as in the optimal selection and
design of SCMs, to enhance treatment performance.

The hetero-disperse PSDs and the preferential accumula-
tion of HMs in fine particles have been consistently reported
for stormwater runoff. Nevertheless, these relations, to date,
have usually been examined for grab samples, event mean
samples, or intra-event samples (first flush and steady state
samples) rather than consecutive samples (i.e., time series
samples) (Béchet et al. 2009; Kim and Sansalone 2008).
Consequently, the intra-event variations of PSDs and HM ac-
cumulation during rainfall events are overshadowed. These
deficiencies, to a great extent, can be ascribed to the laborious
and inconvenient processes of PSD characterization (by laser
diffraction) and wet sieving process. However, the paucity can
be complemented by introducing a pragmatic and convenient
surrogate to evaluate bulk PSD directly, without having to
carry out resource intensive laboratory experiments.

For turbidity measurement, light scattering method is ap-
plied so that turbidity, in fact, characterizes the optical prop-
erty of the particles in water. In contrast, TSS measures the
absolute weight of particles suspended in a unit volume of
water. Under a condition that all particles are of a uniform
size, and therefore possess the same light scattering property,
there should be a proportionality relationship defined as fol-
lows:

TSS mg=L½ � ¼ m Turbidity NTU½ � ð1Þ

where the coefficient m can be taken as a constant. However,
solid particles may not be of the same size but have variable

PSDs under different situations. For water samples of the
same TSS concentration, the measured turbidities are much
influenced by particle sizes (Ying and Sansalone 2010).
Generally, turbidity is more sensitive to fine particles due to
their large specific surface areas, whereas TSS is more sensi-
tive to coarser particles due to their higher weight. Therefore,
the variations of PSD will determine the magnitude of the
coefficient m from site to site, from event to event, and even
from moment to moment. For example, Ying and Sansalone
(2010) reported an m value of 2.83 during mass-limited rain-
fall events and an m value of 1.23 during flow-limited rainfall
events for runoff of I-10 Bridge at City Park Lake in Baton
Rouge, Louisiana. Similarly, Wang et al. (2017) reported that
the m value of road runoff ranged from 0.26 to 2.56 during
multiple rainfall events in Yixing, China.We can, thus, deduce
that the coefficientm in Eq. (1), or its reciprocal 1/m, is closely
related with the PSD of the water sample.

Considering that TSS and turbidity can be measured rela-
tively, rapidly, and easily in contrast to the tedious procedure
of PSD analysis, a new indicator Tur/TSS (the ratio of turbid-
ity to TSS) is proposed, in this study, as a potential surrogate
of the bulk PSD of stormwater runoff. By laboratory and field
experiments, the characteristics of Tur/TSS variation during
rainfall events were investigated. Furthermore, the correlative
relationship between Tur/TSS and the runoff water quality
was evaluated by taking heavy metals as typical pollutants.
The results provide validation of the applicability of Tur/TSS
as an indicator for assisting runoff pollution control.

Material and methods

Study area and sampling site

The study area is located in Yixing, a typical city with large
drainage density in the Taihu Lake Basin, East China. The
population is approximately 1.24 million and the total area is
1996.6 km2. Yixing City features a subtropical monsoon cli-
mate. The average annual temperature, rainfall, number of
rainy days, and evaporation are 15.7 °C, 1177mm, 136.6 days,
and 849 mm, respectively. The sampling site is located at
Lvyuan road in the industrial park for Environmental
Science and Technology (Fig. 1a) where many environmental
protection industries, machinery factories, steel mills, cable
factories, and electron processing manufacture factories are
distributed. Lvyuan road is a two-way six-lane road with an
asphalt surface and has an annual average daily traffic of
12,000 vehicles including trucks (2.3%), buses (1.7%), cars
(65.7%), motorcycles (8.6%), pedicabs (4.4%), motorcars
(16.8%), and bicycles (0.6%). Lvyuan road is swept daily with
both manual and mechanical methods, and debris is seldom
observed on road surface.
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Sample collection and preparation

RDS samples

Overall, five RDS samples were collected with clean brushes
and dustpans from the curbs of Lvyuan road (Fig. 1b) during
March 2016 to March 2017. Regardless of the high efficiency
of collecting fine particles, the wet and dry vacuum systems
were not adopted in this study to prevent the loss of pollutants
resulting from dissolution and desorption to aqueous phases
during wet sampling and sieving (Zhang and Krebs 2013).
The antecedent dry days (ADD) ranged from 2 to 8.5 days.
Due to the dominance of < 150 μm RDS in stormwater, the
RDS samples were firstly dry-sieved into six fractions with
five fractions (< 22, 22~38.5, 38.5~76, 76~105, and
105~150 μm) within < 150 μm and one fraction within
150~2000 μm. Subsequently, all the subsamples were oven-
dried at 25 °C for 5 days and stored in a vacuum dryer until
analysis.

Stormwater samples

Stormwater samples were collected from the inlet grating at
the roadside of Lvyuan road (Fig. 1c) over November 2015 to
November 2016. The catchment area is about 230 m2. A total
of nine rainfall events were monitored, and 178 samples were
obtained. Stormwater samples were collected at 5-min inter-
vals following runoff generation. Polyethylene bottles with
500 ml volume were used and were acid-washed prior to sam-
pling. If the runoff volume was too little to obtain a 500-ml
sample, the sampling time was extended to collect sufficient

runoff. Furthermore, if the runoff period was over 4 h, sam-
pling intervals were extended to 1 or 2 h. On the other hand,
the sampling intervals were shortened to 1~2 min during thun-
derstorm events. Samples were transported to the laboratory
immediately after sampling, pretreated, and analyzed. Rainfall
was measured by a tipping-bucket rain gauge installed near
the sampling sites, and the data was available as a time series
with a 1-min time step. The characteristics of rainfall events
monitored are detailed in Table 1.

Laboratory experiments and testing

Batch experiments of RDS samples

A batch of experiments were carried out with RDS fractions of
< 22, 22~38.5, 38.5~76, 76~105, 105~150, and 150~2000μm
to evaluate their contributions to turbidity and Tur/TSS.
Solutions were formulated with one solvent (ultrapure water),
thirty solutes (five RDS samples with six size fractions), and at
least three TSS concentrations (500, 1000, 2000, 5000, or
10,000 mg/L). The TSS concentrations selected herein are
higher than that in typical stormwater runoff due to two pri-
mary considerations. Firstly, very small amount of RDS sub-
sample is needed to formulate a solution with lower TSS con-
centration (i.e., < 500 mg/L), especially for coarse RDS frac-
tions. It will thus cause higher laboratory error. Moreover, the
high TSS concentration can represent the total solids found on
road surfaces. The solutions were mixed on a vapor-bathing
constant temperature vibrator (CHA-SA) at 25 °C and
150 rpm for 8 h to simulate the wash-off of rainfall. Then,

Industrial Park
Sampling site

a

b

c

d
Fig. 1 Map of the study area and sampling site (a). Photographs on the right side present the RDS sampling (b), stormwater sampling, (c) and road
sweeping (d), respectively
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the corresponding turbidity was measured to calculate the ra-
tio of Tur/TSS.

Laboratory testing

Besides the turbidity measurement of the batch experiments,
HM concentrations (mg/kg) were also analyzed for < 22,
22~38.5, 38.5~150, and 150~2000 μm RDS. Turbidity,
TSS, total, and dissolved heavy metal concentration (mg/L)
were analyzed for stormwater samples. Furthermore, to ob-
serve the variations of particle sizes with Tur/TSS, morpho-
logical analysis was carried out for six representative RDS and
stormwater particles, the Tur/TSS of which ranged from 0.001
to 1.74. PSDs were analyzed for 21 representative stormwater
samples, the turbidity, TSS and Tur/TSS of which ranged
between 41.6–530 NTU, 70–1036 mg/L, and 0.23–1.52
NTU·L/mg, respectively. The concentrations (mg/L) of partic-
ulate HMs were calculated as the difference between total and
dissolved HMs. The accumulation of HMs (mg/kg) in
stormwater particles was calculated as the ratio of particulate
HM concentrations and the corresponding TSS.

Turbidity was measured by using a HACH 2100N labora-
tory turbidimeter. TSS was measured according to the gravi-
metric method. Surface morphology of particles was observed
with a scanning electron microscope (SEM, Hitachi S-3400 N
II, Japan). PSD was analyzed via Mastersizer 2000 (Malvern
Instruments Ltd.), and the results are presented as the volume
proportions of 100 size intervals (from 0.01 to 3500 μm),
DV(10), DV(50), and DV(90) (the size at which 10, 50, and
90% particles pass, respectively). The bulk stormwater sam-
ples and filtrates through 0.45-μm membranes were used to
analyze total and dissolved HMs and were preserved with
trace grade nitric acid to lower the pH to ≤ 2. The concentra-
tions of five HMs, including Cu, Pb, Zn, Cr, and Ni, were
measured by inductively coupled plasma-optical emission

spectrometry (ICP-OES) according to the national standard
method (HJ 776-2015) for stormwater samples and according
to EPA 6010C:2007 for RDS samples. Quality assurance pro-
tocols included blanks, standards, duplicates (10% samples),
and spiked samples (5% samples). The recoveries within the
range of 70~120% were recorded. Additionally, instrument
calibration was conducted after each batch analysis and per
the QA/QC procedures detailed in sampling and analysis
methods (e.g., HJ 776-2015).

Statistical analyses

To compare the differences of HM accumulation in
stormwater particles and RDS, one-way analysis of variance
(one-way ANOVA) was employed. All data were firstly ex-
amined for normality and homogeneity of variance. Then,
least significant difference (LSD) method was used for post-
ANOVA pairwise comparisons. Furthermore, principal com-
ponent analyses (PCA) were carried out to explore the corre-
lations of stormwater particles (turbidity, TSS, and Tur/TSS)
with PSDs, HMs, and rainfall characteristics, respectively.
PCA is a multivariate statistical data analysis technique capa-
ble of identifying correlations between objects and variables
by reducing a set of raw data into a number of principal com-
ponents which retain the most variance within the original
data (Miguntanna et al. 2013). In PCA, variables that exhibit
similar variances have similar PCA scores forming a cluster
when plotted on a biplot. On the biplot, strongly correlated
variables have the same orientation whereas uncorrelated var-
iables are orthogonal to each other. Finally, the Pearson cor-
relation analyses were performed to validate the outcomes of
PCA analyses. All statistical analyses were carried out using
IBM SPSS Statistics 19.0 software (IBM Corporation,
Armonk, NY, USA).

Table 1 Characteristics of rainfall
events monitored over November
2015 to November 2016 in
Yixing, China

Date Depth Duration Average
intensity

Maximum
intensity

ADD Classification No.a

(mm) (h) (mm/h) (mm/h) (day)

2015-11-07 13.8 2.4 5.7 60 8.6 Moderate 18

2016-03-08 26.8 10.3 2.6 12 15 Heavy 51

2016-04-22 1.8 3.4 0.5 1.2 4.9 Light 4

2016-05-02 7.2 5.3 1.4 12 6.4 Showery,
light

31

2016-05-26 9 6.8 1.3 6 4 Light 7

2016-05-31 7.4 0.5 13.9 36 4.2 Thunderstorm 19

2016-06-19 1.6 1.0 1.7 2 4.3 Showery,
light

6

2016-09-14 21.8 5.4 4.02 36 6.6 Moderate 41

2016-11-07 14.4 19.0 0.8 4 10.3 Light 12

a Number of samples collected
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Results

Validation of Tur/TSS as a surrogate for PSD

RDS samples

The contribution of RDS to Tur/TSS decreased significantly
with the coarse size fractions (Fig. 2). The average Tur/TSS
contributed by the < 22, 22~38.5, 38.5~76, 76~105, 105~150,
and 150~2000 μmRDS were 0.22 ± 0.05, 0.16 ± 0.02, 0.05 ±
0.008, 0.011 ± 0.004, 0.007 ± 0.003, and 0.004 ± 0.003 NTU·
L/mg, respectively. Overall, the Tur/TSS was relatively stable
for specific size fractions regardless of the variability in TSS
concentrations. This demonstrates that Tur/TSS is decisively
influenced by PSD other than the quantity of particles.
Compared with the < 38.5 μm RDS, the contributions of the
> 38.5μmRDS to Tur/TSS were very low, demonstrating that
the < 38.5 μm RDS were the main contributors to Tur/TSS in
stormwater runoff.

Stormwater samples

During the nine rainfall events, the Tur/TSS of stormwater
samples ranged from 0.14 to 2.04 NTU·L/mg, with an average
of 0.75 ± 0.46 NTU·L/mg. Although the formulated TSS con-
centrations were several orders of magnitude higher than that
typically occurring in stormwater, the Tur/TSS of the formu-
lated solutions were significantly lower than that recorded in
stormwater. Only the Tur/TSS of the < 22 and 22~38.5 μm
RDS approached the lower limit of stormwater. This finding
indicates that the PSD of stormwater may be much finer than
< 38.5 μm RDS.

Generally, the PSD of stormwater particles was finer with
higher Tur/TSS (Supplementary material: Fig. S1). PCA anal-
ysis was carried out to ascertain the detailed relationships be-
tween Tur/TSS and PSD of stormwater runoff. The objects for
the PCA were stormwater samples from multiple rainfall
events, while the variables consisted of the volume propor-
tions of 100 particle size intervals (from 0.01 to 3500 μm),
DV(10), DV(50), DV(90), turbidity, TSS, and Tur/TSS.
Seven principal components were identified, which explained
97.76% of the total variances. However, the Tur/TSS primar-
ily contributed to PC1, and thus, the PCA biplot was plotted
with PC1 and PC2 (Fig. 3). Overall, Tur/TSS and volume
proportions of 22 particle size intervals from 0.314 to
5.21 μm (group 1) abutted against the positive PC1 axis and
formed acute angles with each other. Moreover, the angles
increased with increasing particle sizes. This highlights their
strong positive correlations, and that Tur/TSS increases with
higher volume proportions of these very fine particles. On the
other hand, DV(10) and volume proportions of 9 size intervals
from 14.5 to 45.6 μm (group 2) abutted against the negative
PC1 axis, and formed obtuse angles with Tur/TSS. This

indicates the strong and negative correlations between Tur/
TSS and DV(10), as well as the volume proportions of
14.5~45.6 μm particles. Tur/TSS decreased with the increase
of these larger particles. These results were further confirmed
by the Pearson linear correlation analysis, whereby significant
correlations were observed among these parameters
(Supplementary material: Table S1). Therefore, Tur/TSS is a
particle parameter closely associated with the PSD of
stormwater runoff and increases with the proportions of very
fine (nano- and submicron-scale) particles.

SEM micrographs

The SEMmicrographs of RDS (Fig. 4A1–A3) and stormwater
particles (Fig. 4B1–B3) with increasing Tur/TSS show that the
particle sizes for all RDS samples were evidently larger than
stormwater particles, supporting the finding that the PSD of
stormwater was much smaller than < 38.5 μm RDS. The

10 9 12 12 12 18

<22 22~38.5 38.5~76 76~105 105~150 150~2000

0.01

0.1

1

)g
m/L·

UT
N(

S
ST/ruT

Size fractions (µm)

 Mean ± SE
Mean Line
Data

n=

Fig. 2 Tur/TSS contributions by six size fractions of RDS. n is the sample
size

Tur/TSSDV(10)

DV(50)
DV(90)

0.314

5.2114.5

45.6

PC1 (33.75%)

PC2 (26.59%)

Group 1
Group 2

Fig. 3 Principal component analysis of Tur/TSS and PSD of stormwater
runoff. Scatter plots of the treatments and loading variables on the PC1
and PC2 axes. The first and second principle components are given.
Percentage of variance explained by each component is indicated within
the parentheses on each axis
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particle sizes decrease significantly with the increase of Tur/
TSS. More nano- and submicron-scale particles were ob-
served for samples with higher Tur/TSS. It is noteworthy that
some small particles were observed to be attached on the sur-
faces of coarse RDS (Fig. 4A1–A3). Thus, it could be assumed
that their detachment is the actual contributors to the Tur/TSS
of coarse RDS, as demonstrated by Borris et al. (2016).

Influence of PSD on heavy metal pollution
in stormwater

Heavy metal accumulation in RDS and stormwater particles

The accumulation of HMs in RDS with four size fractions and
stormwater particles is presented and compared in Table 2.
The highest concentrations of Cu, Cr, and Ni in RDS were
recorded in the 38.5~150 μm fraction whereas that for Pb and
Zn were recorded in the 22~38.5 μm fraction. Although par-
ticle sizes play critical roles in the accumulation of HMs, the
highest concentration was not observed in the finest fraction.
This result is consistent with that reported by Gunawardana
et al. (2014) who also detected the highest concentrations of
Cu and Zn in the 75~150 μm RDS rather than < 75 μm RDS
in Gold Coast, Australia. Furthermore, statistically significant
differences were only detected for Cu between 38.5~150 and
150~2000 μm RDS and for Pb between < 150 and
150~2000 μm RDS.

In stormwater runoff, the HMs were dominant in particu-
late phase (Table 2), and 27.2~100% of HMs in the dissolved
phase were below the limit of detection. The HMs (mg/kg) in
stormwater particles varied significantly between rainfall

events and ranged from 55.8~1577.0 for Cu, 87.4~1913.3
for Pb, 350.0~14,119.0 for Zn, 40.6~1080.0 for Cr, and
19.8~413.9 for Ni. The maximum values were as high as
20.9~40.3 times of the minimum values. Moreover, the aver-
age concentrations of Cu, Pb, Zn, Cr, and Ni in stormwater
particles were 1.5~3.7, 1.6~4.3, 4.8~9.7, 0.7~1.2, and 0.7~1.2
times of that in RDS. Statistically, the Cu concentration of
stormwater particles was significantly higher than that of the
< 22, 22~38.5, and 150~2000 μm RDS. Similarly, the Pb
concentration was significantly higher than that of the
38.5~150 and 150~2000 μm RDS, and the Zn concentration
was significantly higher than that of all four RDS fractions.
With respect to Cr and Ni, the concentrations were significant-
ly lower than that of the 38.5~150 μm RDS. The differences
were related to the build-up and wash-off pattern of RDS and
associated HMs. Most of the stormwater particles washed off
from road surfaces are within the very fine sizes, and only few
coarse particles are transported into stormwater runoff (Zhao
and Li 2013). Therefore, the concentrations of stormwater
particles will be higher for HMs (such as Pb and Zn), which
accumulated more in fine RDS, but lower for HMs (such as Cr
and Ni), which accumulated more in larger RDS. The signif-
icantly high HM concentrations and variations in stormwater
particles highlight the need to control stormwater runoff with
higher HM concentrations.

Relationship between Tur/TSS and HM accumulation

To examine the effectiveness of Tur/TSS as a parameter for
characterizing the HMs accumulation, the relationships be-
tween HMs and the Tur/TSS were evaluated by PCA. The

B1: Tur/TSS=0.48 B2: Tur/TSS=1.03 B3: Tur/TSS=1.74

A3: Tur/TSS=0.19 A2: Tur/TSS=0.02 A1: Tur/TSS=0.003 

Fig. 4 SEMmicrographs of RDS (A1–A3) and stormwater particles (B1–B3) with increasing Tur/TSS. The magnifications are × 8000–× 10,000 for both
A and B groups
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objects for the PCAwere the stormwater samples from multi-
ple rainfall events, while the variables consisted of three par-
ticle parameters (turbidity, TSS, and Tur/TSS), volume con-
centration of total and particulate HMs, and mass concentra-
tion of the total and particulate HMs. To be simplified, the
volume concentration of total and particulate HMwas denoted
by THM and PHM, while the mass concentration of total and
particulate HM was denoted by THM(m) and PHM(m). Four
principal components were identified, which explained
90.70% of the total variances. However, most of the variables
contributed to the first two principal components and ex-
plained 73.55% of the total variances. Therefore, PCA biplot
was plotted with PC1 and PC2 (Fig. 5). Two outstanding
clusters were formed for HMs as follows: the mass concentra-
tion group (group 1) and the volume concentration group
(group 2). The group 1 principally projected on the positive
PC2 axis including TCu(m)/PCu(m), TPb(m)/PPb(m),
TZn(m)/PZn(m), TCr(m), and Tur/TSS, while group 2
projected on the positive PC1 axis including TCu/PCu, TPb/
PPb, TZn/PZn, TCr/PCr, TNi/PNi, turbidity, and TSS. The
small angles of group 1 demonstrate the strong and positive
correlations between Tur/TSS and the mass concentration of
HMs (except TCr(m)/PCr(m) and PNi(m)). Thus, more HMs
accumulated in stormwater with higher Tur/TSS and finer
PSDs. These results were further confirmed by the Pearson
linear correlation analyses, whereby significant correlations
were observed among these parameters (Supplementary ma-
terial: Table S2). The weak correlations between Tur/TSS and
the mass concentrations of total and particulate Cr can be
attributed to the preferential accumulation of Cr in coarser
particles (highest in 38.5~150 μm RDS, Table 2). Moreover,
the strong correlation between Tur/TSS and TNi(m) and weak
correlation between Tur/TSS and PNi(m) may result from the
high dissolvability of Ni (Table 2). Therefore, as an effective
surrogate for bulk PSD, Tur/TSS is indicative of the HM

accumulation in stormwater particles. Furthermore, the acute
angles of group 2 confirm the strong and positive correlations
among TSS, turbidity, and volume concentrations of total and
particulate HMs, which have been reported by previous re-
searchers (German and Svensson 2002; Hallberg et al. 2006;
Helmreich et al. 2010).

Variability of Tur/TSS during rainfall events

Due to the close relationships among Tur/TSS, PSDs, and HM
accumulation, the variations of Tur/TSS can be indicative of
the variations of PSDs and HM accumulation during rainfall
events. The intra-event variations of Tur/TSS and influential
factors were analyzed in the following subsections.

Table 2 Accumulation of heavy
metals (mg/kg) in road-deposited
sediment and stormwater particles
in the industrial area of Yixing,
China

Heavy metals
(mg/kg)

Road-deposited sediments Stormwater particles

< 22 μm 22~38.5 μm 38.5~150 μm 150~2000 μm Bulk

Cu 150.3
ab ± 29.9

138.3
ab ± 37.4

215.3
bc ± 77.0

84.7 a ± 34.1 314.0 c ± 205.3
(84.1 ± 21.9%)*

Pb 244.0
ab ± 90.9

255.7
ab ± 136.6

183.4
b ± 87.4

94.5 c ± 75.5 408.0 a ± 377.7
(100 ± 0%)

Zn 549.8
a ± 88.1

578.0
a ± 67.5

491.2
a ± 44.6

283.8
a ± 129.7

2764.0 b ± 2814.5
(97.0 ± 5.6%)

Cr 197.0
ab ± 28.6

185.3
ab ± 47.0

263.0
b ± 57.7

148.3
ab ± 54.8

184.0 a ± 207.8
(100 ± 0%)

Ni 84.1
ab ± 12.7

86.2
ab ± 24.7

135.8
b ± 19.3

77.2 ab ± 27.1 91.0 a ± 63.9
(79.7 ± 27.0%)

All the data were log-transformed. The superscript characters a~c demonstrate the results of one-way ANOVA
analysis, and different characters indicate significant differences

*Values in the bracket indicate the proportion of particulate HMs in stormwater runoff
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PC2 (32.29%)
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Turbidity
TCu
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TSS

TCr/PCr

TZn(m)
PZn(m)

Tur/TSSPCu(m)
TPb(m)/PPb(m) TNi(m)

TCu(m)

Group 2

Fig. 5 PCA biplot of stormwater particles and HM concentrations. The
first and second principle components are given. Percentage of variance
explained by each component is indicated within the parentheses on each
axis. Both the volume concentration (mg/L) and mass concentration (mg/
kg) of total and particulate HMs were analyzed. THM and PHM denote
the volume concentration of total and particulate HM, while THM(m) and
PHM(m) denote the mass concentration of total and particulate HM
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Intra-event variations of Tur/TSS

The turbidity, TSS, and Tur/TSS varied greatly during multi-
ple rainfall events and ranged from 9.9 to 746 NTU, 8 to
1728 mg/L, and 0.14 to 2.04 NTU·L/mg, respectively. The
variations mostly originated from the rainfall characteristics
during wet weather and build-up of RDS during dry weather

(Huang et al. 2011; Wijesiri et al. 2015; Zhang et al. 2013). To
investigate the temporal variations of turbidity, TSS, and Tur/
TSS, four representative rainfall events were selected and il-
lustrated in Fig. 6. Based on the hyetographs, the rain type for
March 8 and May 2 could be identified as Bmiddle peak,^
whereas that for May 31 is Bpreceding peak^ and that for
September 14 is Bback peak.^ The variations of Tur/TSS were
different for all rainfall types. For the Bmiddle peak^ precipi-
tation, Tur/TSS varied concavely, namely, decreased firstly
and increased subsequently. For the Bpreceding peak^ precip-
itation, Tur/TSS remained low but increased during the later
period, while for the Bback peak^ precipitation, Tur/TSS var-
ied convexly. However, turbidity and TSS, in general, showed
decreasing trends accompanied with a few fluctuations for
rainfall events without intermittence. The peak values of tur-
bidity and TSS generally occurred during the initial period of
rainfall or when rainfall intensity increased abruptly. The
intra-event variations of turbidity and TSS were consistent
with findings from previous studies (Kim et al. 2013;
Metadier and Bertrand-Krajewski 2012; Zhang et al. 2013).

Factors influencing intra-event variations of stormwater
particles

PCA was performed to determine the influence of rainfall
characteristics on the intra-event variations of stormwater
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Fig. 7 PCA biplot of stormwater particles and rainfall characteristics.
Rainfall intensity and rainfall depth denote the average rainfall intensity
and rainfall depth during the time interval △T of sampling process.
Cumulative rainfall denotes the total rainfall depth from rainfall
occurrence to sample collection. Runoff time denotes the duration from
runoff generation to the sample collection
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particles. The objects for the PCA were the stormwater sam-
ples from multiple rainfall events, while the variables
consisted of four rainfall parameters (runoff time, rainfall in-
tensity, rainfall depth, and cumulative rainfall) and three par-
ticle parameters (turbidity, TSS, and Tur/TSS). Two principal
components were identified, which explained 72.14% of the
total variances. The PCA biplot (Fig. 7) shows that Tur/TSS,
rainfall intensity, and rainfall depth primarily projected on the
PC2 axis and distributed in absolutely opposite directions,
indicating the negative influence of rainfall intensity on Tur/
TSS. The increase of rainfall intensity will lead to the decrease
of Tur/TSS. This is somewhat expectable since rainfall with
higher intensity is capable of transporting larger RDS and
results in coarser PSDs and lower Tur/TSS (Zhao et al.
2016). Furthermore, turbidity and TSS mainly projected on
the PC1 axis in the opposite direction of cumulative rainfall
and runoff time. This result demonstrates the overall decreas-
ing trend of turbidity and TSS during rainfall events, ascribing
to the depletion of washable particles on the road surface. This
is consistent with the results presented in Fig. 6 and that of
other previous studies (Bach et al. 2010; Zhang et al. 2013).
Furthermore, these results were also confirmed by the Pearson
linear correlation analyses, and significant correlations were
observed among these parameters (Supplementary material:
Table S3).

Discussions

Applicability of Tur/TSS in PSD and stormwater
quality characterization

Based on the definitions of turbidity and TSS, Tur/TSS (NTU·
L/mg) should be a direct measure of the optical property per
unit TSS. For turbidity measurement, the light scattered by the
sample is compared with the light scattered by the standard
reference suspension of formazin polymer. The measurement

is much influenced by the size of solid particles in the sample.
Therefore, for particles of finer sizes, the turbidity is high in
comparison with particles of larger sizes (Everett 1988).
Accordingly, an increasing Tur/TSS value was observed for
RDS and stormwater samples with finer sizes.

Overall, the PSDs of RDS and stormwater particles were
expressed qualitatively by Tur/TSS. Nonetheless, the PSD
curves cannot be plotted via Tur/TSS values. Therefore, the
utility of Tur/TSS relates to the strong correlations with
DV(10), as well as HM accumulation. The DV(10) of parti-
cles and HM accumulation in stormwater can, thus, be pre-
dicted according to these relationships. These should be con-
sidered in further studies. Another limitation of this study is
that Tur/TSS was validated for one specific catchment area.
The results may be slightly different in other catchments ow-
ing to the differences in the build-up and wash-off processes
of RDS and associated HMs. For example, as the relationship
between turbidity and TSS is also influenced by other factors
(i.e., particle shape, organic content, and degree of water col-
oring), the relationships of Tur/TSS with PSDs may be influ-
enced by the sources of particles (Gunawardana et al. 2012;
Ying and Sansalone 2010). Also, the relationships between
Tur/TSS and rainfall intensity may be influenced by road
slope and roughness, catchment area, disturbance by passing
vehicles, etc. (Liu et al. 2015; Zhang et al. 2013). Therefore,
further studies may be needed in other catchments to deter-
mine the differences and, thus, to manage the local stormwater
runoff better.

Implications to the optimization of stormwater runoff
control

PSD is closely associated with the mobility, settleability, pol-
lutant entrainment, and treatment performance of stormwater
particles (Selbig et al. 2016). Therefore, the adoption of Tur/
TSS as a surrogate for PSD of stormwater runoff is of great
significance to stormwater runoff control. The positive

Table 3 Categories classified
based on the particle
characteristics

Categories Particle characteristics Rainfall characteristics Runoff
characteristics

Suggested SCMs
a

High
Tur/TSS

High turbidity and
TSS

Initial period

Low intensity

Small volume

Weak settleability

E/A

Low turbidity and
TSS

Middle and late
periods

Low intensity

F/D/G

Low
Tur/TSS

High turbidity and
TSS

Initial or middle
periods

High intensity

Large volume

Good settleability

C/E/B

Low turbidity and
TSS

Middle and late
periods

High intensity

G/H

a The capital characters A~G represent constructed wetland (A), dry detention pond (B), wet detention pond (C),
infiltration trench (D), infiltration basin (E), sand filter (F), bioretention (G), and grassed swale(H), respectively
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correlations of Tur/TSS with HM accumulation indicate that
stormwater with higher Tur/TSS will pose significantly higher
toxicity to urban waterways than stormwater with lower Tur/
TSS. Moreover, stormwater with higher Tur/TSS tends to ex-
hibit weaker settleability and, thus, low treatment performance
of particles due to the finer PSDs. Therefore, it is highly sug-
gested to control the stormwater with high Tur/TSS to pre-
serve waterways.

The relationships between stormwater particles and rainfall
characteristics are favorable for the identification of
stormwater runoff with different pollution conditions. The
negative correlations of turbidity and TSS with runoff time
indicate the high pollution potential of stormwater runoff in
the initial periods and low pollution potential in the middle
and later periods. However, the negative relationship between
Tur/TSS and rainfall intensity indicates that stormwater runoff
with high Tur/TSS generates under low rainfall intensity and,
thus, has a much smaller volume, while stormwater runoff
with low Tur/TSS generates under high rainfall intensity and
has a relatively larger volume. Therefore, the intra-event var-
iations of Tur/TSS vary with rain types. Following this, the
characteristics of stormwater are classified based on the parti-
cle properties and presented in Table 3. The corresponding
SCMs are also suggested with the consideration of detention
storage, pollution loading, and control effectiveness of parti-
cles. As presented by Jia et al. (2013), sedimentation and
filtration are the most effective particle treatment processes,
followed by infiltration. Hence, for stormwater with high Tur/
TSS, TSS, and turbidity, SCMs such as infiltration trench and
constructed wetland are suggested, because they are tolerant
to high pollution loading and capable of removing particles
effectively by sedimentation and filtration. For stormwater
with high Tur/TSS, low turbidity, and TSS, SCMs suggested
include sand filter, infiltration trench, and bioretention. These
systems with low detention storage are tolerant to low pollu-
tion loading and capable of removing particles effectively by
filtration. For stormwater with low Tur/TSS, high turbidity,
and TSS, SCMs suggested include wet detention basin, infil-
tration basin, and dry detention basin. These systems with
high detention storage are tolerant to high pollution loading
and capable of removing particles effectively by sedimenta-
tion. For stormwater with low Tur/TSS, low turbidity, and
TSS, SCMs suggested include bioretention and grass swale.
These systems with medium detention storage are tolerant to
low pollutant loading and capable of removing particles by
sedimentation.

Conclusions

The quotient of Tur/TSS is proposed and validated, for the
first time, as an effective surrogate for bulk PSD and quality
of stormwater runoff. The results show that Tur/TSS increases

significantly with finer sizes of both RDS and stormwater
runoff. For stormwater particles, Tur/TSS positively correlates
with the very fine (0.314~5.21 μm) particles, while it nega-
tively correlates with coarser (14.5~45.6 μm) particles.
Moreover, the concentrations of HMs in stormwater particles
vary significantly during rainfall events and show significant
increases with Tur/TSS. These results confirm the effective-
ness of Tur/TSS as a particle parameter for characterizing the
PSD and quality of stormwater runoff. Rainfall intensity pre-
dominantly influenced the intra-event variations of Tur/TSS.
Hence, stormwater runoff with higher Tur/TSS generates un-
der low intensity and, thus, characterizes small volume, weak
settleability, higher mobility, and bioavailability. Conversely,
stormwater runoff with lower Tur/TSS generates under high
intensity and, thus, characterizes large volume, good
settleability, low mobility, and bioavailability. Therefore,
Tur/TSS can aid the optimal selection and design of appropri-
ate SCMs for effective control of stormwater particles and
pollutant transport.
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