* water

Article

Innovative and Reliable Assessment of Polluted Stormwater
Runoff for Effective Stormwater Management

Sara Todeschini 12

check for
updates

Citation: Todeschini, S. Innovative
and Reliable Assessment of Polluted
Stormwater Runoff for Effective
Stormwater Management. Water 2024,
16, 16. https://doi.org/10.3390/
w16010016

Academic Editors: Hao Wang and

Jinjun Zhou

Received: 29 November 2023
Revised: 15 December 2023

Accepted: 18 December 2023
Published: 20 December 2023

Copyright: © 2023 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Department of Civil Engineering and Architecture DICAr, University of Pavia, Via Ferrata 3,

27100 Pavia, Italy; sara.todeschini@unipv.it
2 Interdepartmental Centre for Water Research CRA, University of Pavia, Via Ferrata 3, 27100 Pavia, Italy

Abstract: This article examines the pollution dynamics in urban wet-weather runoff, addressing the
statistical characterization and systematic classification of water quality characteristics as key aspects
of sustainable and effective urban stormwater quality control and treatment measures. A reliable
first flush methodology is applied to discrete water quality data of different pollution parameters
from an Italian database for the identification of the Bivio Vela catchment’s representative evolution
of mean concentrations and the assessment of the required runoff volume to reduce stormwater
pollutant concentrations to background levels. A comparison is carried out between results from
two catchments with different land use types (industrial versus residential) and the complexity of
the sewerage system, highlighting challenges in tracking pollution trends and delineating peculiar
dynamics of different quality parameters in a specific geographic context. Despite appreciably
different pollutant dynamics, both catchments achieve background levels for all the examined
parameters after 6 mm runoff. The outcome of the analysis has clear implications for the design
approach of sustainable stormwater management practices.
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1. Introduction

Runoff is widely considered as the major transport vector of pollution generated in
urban areas, negatively affecting the receiving environment via non-point source pollution.
Pollutant dynamics in urban wet-weather runoff are influenced by several factors, including
anthropogenic activities, degree of land development, land cover and land use, as well as
rainfall patterns and geographic location/climate [1,2].

Many studies on stormwater quality show that the initial part of the runoff resulting
from a rainfall event is often more contaminated than the subsequent part, i.e., the first foul
flush (FF) phenomenon, and a variety of FF identification methods have been proposed in
the relevant scientific literature, examining either the time-evolution of the concentration
of different pollutants or the cumulative pollutant mass over the cumulative wet-weather
runoff volume, e.g., [3-10].

Despite several sometimes unclear and subjective detection methods, academics,
political decision makers and watershed managers unanimously acknowledge the potential
usefulness of the FF concept for sustainable, efficient and cost-effective implementation
of both conventional structural stormwater control practices and green infrastructure
technologies, e.g., [11-17].

In order to realize this potential, the FF concept should lead to a suitable assessment
of a highly contaminated stormwater volume, which is dangerous for the receiving envi-
ronment and therefore requires treatment, using a quantitative and objective procedure.

Unfortunately, most of the procedures mentioned above involve a subjective/arbitrary
estimation of the FF volume, and the lack of standardization and consistency in the analysis
of stormwater quality time-evolution means that these methodologies cannot be adopted
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as an appropriate basis for the design and sizing criteria for stormwater quality control
measures [18-20].

A unified FF objective definition and assessment method as well as systematic classifi-
cation and identification of pollution characteristics are the basis for effective stormwater
quality control and treatment measures [21].

Kang et al. [22,23] identify short-term and long-term pollution sources in an urban
area. Short-term sources are related to the build-up of pollution occurring in dry weather
conditions. These sources can be reduced by a subsequent rainfall event with adequate
intensity and duration. The base or background level of pollution characterizing an urban
area acts as a long-term source that cannot be reduced.

Bach et al. [24] introduce a reliable and objective method for the FF assessment, which
also makes a distinction between short-term and long-term sources of urban wet-weather
runoff pollution. By using this method, it is possible to assess the severely contaminated
stormwater runoff volume, which is harmful to the environment, by analyzing the trend
of the average concentrations of representative pollution parameters for subsequent parts
of the runoff volume. For this purpose, an adequate number of real-event hydrographs
and pollutographs is necessary. Non-parametric statistics are then adopted to determine a
catchment’s peculiar initial and background pollutant concentrations, the FF volume and
its strength.

The analysis used for the statistical characterization of the mean concentration trend
for subsequent increments of runoff allows the detection of representative pollutographs
for an urban catchment. Synthetic pollutographs can be useful for a quick assessment of
the potential environmental impact of the urban drainage system on the receiving natural
body. Thus, they can be essential for studies that address environmental sustainability and
protection of natural resources.

Todeschini et al. [25] applied the approach of Bach et al. [24] on discrete water quality
data of different pollutant types acquired during a 3-year experimental campaign in an
urban catchment of Pavia, Lombardy region, northern Italy. The investigation highlighted
the fruitfulness and profitability of the statistical characterization and classification of water
quality characteristics to guide decisions and sizing criteria for stormwater quality control
measures. In this study, it is established that strict selection criteria for the adopted events
and a well-conceived monitoring protocol are crucial for the reliability and robustness of
the obtained results.

Water level and/or flow rate are commonly acquired with high frequency and ade-
quate accuracy during monitoring campaigns in relation to sewerage. Conversely, despite
considerable monitoring efforts, achieved water quality data are often limited or unreliable
due to a lack of sample integrity, uncertainties and errors in the analytical process, with
significant costs related to the monitoring equipment [26-29].

For an effective stormwater quality characterization, a proper monitoring program
and sampling acquisition protocol are crucial. Monitoring campaigns should be performed
over a long period of time, ideally not less than one year. Otherwise, the acquired data may
fail to capture the impact of factors and processes that influence the release, destination and
transport of pollutants on other time scales, such as seasonal behaviors. Various pollutants
should be analyzed as detailed knowledge of the dynamics of different types of pollution,
including organic and inorganic pollutants, heavy metals and nutrients, is essential in
order to achieve effective improvement in the design and management of stormwater
control and treatment practices [30,31]. And the main challenge remains to expand the
knowledge acquired by taking into account conditions that continually modify over time
due to increasing soil imperviousness, climate change, new materials and pollutants of
emerging concern.

With the aim of further deepening knowledge of the pollutant dynamics in urban wet-
weather runoff and exploring the definition of representative pollutographs, the current
study addresses both the statistical characterization of the mean pollutant concentrations in
slices of wet-weather runoff and the assessment of the FF volume considering experimental
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data acquired during long-term monitoring campaigns in an industrial catchment located
in Pavia [32], which is close to the urban catchment examined in [25].

The availability of sound stormwater quality characterization in neighboring catch-
ments with the same climatic features is a new and relevant outcome of this study that
allows one to evaluate how different land use types of the territory (i.e., production versus
residential use) and increasing complexity of the sewerage system affect representative
pollutographs and FF volume and, therefore, influence the design approach of sustainable
stormwater control practices and treatment systems.

2. Materials and Methods
2.1. Case Study and Data Acquisition

The case study catchment is an exclusively industrial district called Bivio Vela, with
a total surface area of 85.93 ha. It is located on the eastern outskirts of Pavia, a town in
the Lombardy region of northern Italy. The catchment hosts various production activities;
it includes an artisan area, a major food plant producing rice, an area equipped for the
distribution of goods and areas in which the production settlement plan (P.I.P.) of the
municipality of Pavia provides for the establishment of further industrial activities. The
catchment is divided into two sub-catchments, named SC1 and SC2 (Figure 1). The up-
stream SC1 has an area of 51.25 ha, while the downstream SC2 has an area equal to 34.68 ha.
The current degree of imperviousness is equal 0.60 for SC1 and 0.36 for SC2, with a value
of 0.50 for the entire catchment.

The area is served by a combined sewerage system, with a total length of pipes of
about 6610 m. The slope of the sewer pipes ranges between 0.1% and 1.0%. The sewerage of
SC1 is made of standard concrete pipes: circular pipes, with diameters between DN 300 and
DN 600 mm, and ovoid pipes with diameters between DN 600/900 and DN 1400/2100 mm.
The sewerage of SC2 consists of circular pipes: vitrified clay pipes for pipe diameters less
than 600 mm and reinforced concrete pipes for pipe diameters between 700 and 1800 mm.

The sewerage system of SC1 delivers waste and stormwater to a pumping station,
PS1. This station includes three motor pumps that in wet weather can drive a maximum
flow rate equal to 130 L/s to the sewerage of SC2. This maximum flow corresponds to
about 4 L/s per hectare of contributing impervious area as it complies with the current
legislation of the Lombardy region (Regional Regulation of Lombardy Region n. 6/2019).
In wet weather, the incoming flow rate from SC1 exceeding a value of 130 L/s is discharged
through a combined sewer overflow (CSO1) into a receiving water course.

The sewer network of SC2 drains the area of the sub-catchment up to the final section
of the system, where two pumping stations (PS2 and PS3) and a stormwater detention
tank (SWDT) are installed. PS2 is equipped with two identical motor pumps working in
parallel that provide an overall flow rate equal to 64 L/s. This station works in dry weather
(when the incoming flow rate is less than 64 L/s). PS3 is downstream of PS2 and in direct
communication with the SWDT. This station is activated in wet weather, when the incoming
flow rate exceeds 64 L/s and stormwater overflows from the chamber of PS2 to the chamber
of PS3; the activation of PS3 involves the deactivation of PS2. PS3 has two motor pumps
working in parallel, identical to those of station PS2. PS3 operates in wet weather and it is
used to empty the SWDT at the end of stormwater runoff. (The adoption of two different
pumping stations in the final section of the system avoids the need to further lower the
inlet flow rate in dry weather because the bottom of PS3, which also has the function to
empty the SWDT, is two meters lower than that of PS2.) Overflow to the receiving water
body occurs when the SWDT is full or when the incoming flow rate exceeds 360 L/s. The
SWDT has a volume equal to 2375 m3, corresponding to approximately 50 m? per hectare of
contributing impervious area in accordance with the requirements of Regional Regulation
of Lombardy Region n. 6/2019.
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Figure 1. Map of Bivio Vela experimental catchment and sewerage system; SC1 (yellow color) is
bordered with a continuous line, SC2 (blue color) with a dashed line.

Since 2007, the Bivio Vela catchment has been fitted with instruments for the quantita-
tive and qualitative monitoring of rainfall-runoff processes as well as for the performance
assessment of existing stormwater control practices. The instrumental equipment includes
an SIAP tipping bucket rain gauge (SIAP, 40050 Villanova, Bologna, Italy) with 0.2 mm
accuracy, an ISCO 4230 bubbler flow meter (ISCO, AST Analytica Srl, 16145 Genova, Italy)
and an ISCO 6700 SR refrigerated automatic grab sampler. The flow meter probe and
the sampling strainer are positioned at the closure of the system, immediately upstream
of the overflow structure to chamber PS3 (Figure 2). More detailed information on the
characteristics of the catchment, monitoring equipment, and data collection and sampling
protocol is available in [32].
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Figure 2. Positioning and detail of the monitoring equipment: bubble level meter and sampling
probe.

Rainfall-runoff and water quality data were collected over a period of more than one
year. The monitored events exhibit a wide range of relevant precipitation characteristics
(i.e., total depth, total duration, maximum depth for different durations, mean intensity,
duration of antecedent dry period).

The monitoring protocol involved different sample acquisition time distances: every
5 min for the first 12 bottles, every 10 min for the next 8 bottles and every 20 min for the last
4 bottles. In this way, a more detailed qualitative characterization was achieved in the first
part of the flow and, at the same time, an adequate description of the entire hydrograph was
obtained for most events, excluding the longer ones. Ten or more samples were collected
in twelve monitored rainfall events, but equipment failures or poor precipitation limited
sample acquisition for other events. In total, 248 samples were analyzed.

Relevant pollution parameters were searched for in the samples, i.e., specific con-
ductivity (SC), total suspended solids (TSS), settleable solids (SetS), biochemical oxygen
demand (BOD), chemical oxygen demand (COD), lead (Pb), zinc (Zn), iron (Fe), total nitro-
gen (TN), total phosphorus (P) and total hydrocarbons (HC). The analyses were carried out
in compliance with UNI EN ISO 9002:2004 standard in a certified laboratory (Analytica srl,
Pavia, Italy).

The analysis of urban pollutant dynamics and FF phenomenon was performed for a
representative subset of rainfall events (Table 1). Several requirements for event selection
were implemented together:

e  Absence of failures in the monitoring equipment, lost samples or problems during the
laboratory analyses;

e  Free-surface flow conditions in the sewerage during the transit of the wet-weather

runoff;

Rainfall depth equal or greater than 5 mm;

Maximum rainfall intensity of at least 0.2 mm /min;

Maximum rainfall depth over 15 min of at least 2 mm;

Adequate sample number and distribution that allow for a comprehensive experimen-

tal characterization of the quality of the entire hydrograph.

The following quality parameters were considered: TSS, COD, BODS5, Pb, Zn, TN and
P. These parameters help in describing the behavior of organic and inorganic pollution,
heavy metals and nutrients during wet-weather runoff for a comprehensive investigation
of urban pollutant dynamics and FF phenomenon.

Figure 3 provides a statistical description of the pollution concentrations that charac-
terize the samples acquired for the selected events.
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Table 1. Main characteristics of the selected rainfall events for the Bivio Vela catchment: d: rainfall
duration; h rainfall depth; imax maximum rainfall intensity; hy,,,15 maximum rainfall depth over
15 min; ADP antecedent dry period; Ncs number of collected samples.

Event d h imax h a5 ADP N

Number (min) (mm) (mm/min) (mm) (d) cs
1 112 6.4 0.49 1.96 1.0 19
2 140 5.6 0.42 1.68 1.2 10
3 700 70.0 3.24 24.32 9.0 16
4 2100 33.0 0.45 2.95 9.1 24
5 249 5.8 0.20 1.21 24 24
6 423 6.6 0.10 1.00 12.4 24
7 336 9.8 0.14 2.56 2.8 24
8 425 9.4 0.34 1.94 17.3 24
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Figure 3. Summary statistics with box plots of the pollution parameters for the storms presented in
Table 1. On each box, the central mark denotes the median, and the lower and upper borders of the
box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data
points not considered outliers, and the outliers are plotted individually using the “+” marker symbol.

2.2. Definition of Representative Pollutographs and FF Analysis

The approach described in the following section has been adopted in this work to
assess the pollutant concentration modifications in water quality samples collected during
each rainfall event. The runoff process related to every rainfall event is partitioned into
several slices by defining an increment of runoff depth. For each one of the slices, the mean
pollutant concentration (EMC) is calculated.

Due to the relative complexity of the examined drainage system, the assessment of the
runoff depth at the final reach of the catchment represents a crucial aspect of the analysis.
In fact, evaluating the hydrograph at the most downstream reach of the sewer system is not
useful to represent the entire process of the catchment runoff. This occurs because, during
wet-weather conditions, a significant percentage of the runoff pertaining to SC1 is directed
to the receiving water body via the overflow structure combined with PS1. The contributive
area of the runoff at the closure section of the system is therefore estimated to be equal
to the sum of the impermeable surface of SC2 and a fraction, which may vary according
to the considered rainfall event, of the impermeable surface of SC1. For each event, it
is assumed that that the ratio between the volume sent from PS1 to SC2 and the overall
incoming volume from SC1 is equal to the contributing impervious area of SC1 divided by
the total impervious area of SC1. With this approach, the contributing impervious area of
SC1 associated with the hydrograph at the closure section, where quality data are acquired,
is identified event by event.
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Once the runoff depth has been determined, a slice of runoff is set and the parameter
EMC is assessed for the runoff steps considered within every event. Combining all the
events sampled at the catchment, the behavior of the EMC inside every slice for each
pollutant species is detected.

Following the above-mentioned approach, for every slice of runoff, a number of
plausible EMC values are inferred. The non-parametric Wilcoxon rank-sum test [33]
can be adopted to detect the variation in concentration values within the runoff process.
Applying this test, both initial and background concentration values of the pollutants in
the catchment can be detected, as well as the volume and strength of FF by grouping
those slices of concentrations that are homogeneous from a statistical point of view. The
fundamental stages of this method are described in Figure 4.

Y’

Classify statistically similar adjacent
slices using Wilcoxon Rank Sum Test

v V

Obtain characteristic cumulative
pollutograph for the catchment

! — V

Assess initial and background
concentrations of the catchment

v y

Compute the EMC for every slice of the i-th Compute first flush volume and its
event strength

Select the i-th rainfall event

Define the size of slice

1to N events

Partition the i-th rainfall event into slices

Figure 4. Flow chart of the analysis method.

Concerning the definition of the slice size, runoff values equal to 0.5-1 and 2 mm are
assumed in the analysis. Adopting a base size of 1 mm allows the inclusion of at least one
wet-weather sample in every slice, thus obtaining a reliable representation of the mean
concentration of the pollutant in every slice. Due to the areal extension of the examined
catchment, half the base size was also investigated for the slice; moreover, this option
cannot guarantee obtaining at least one data sample per slice. Finally, twice the base size of
the slice is considered, leading to a loss in the resolution of the time-analysis of the mean
concentrations during stormwater runoff; as a consequence, a rough FF volume estimate is
obtained since this volume is a multiple of the adopted slice size.

The computed value of the EMC is a flow-weighted concentration of the pollutant
for each slice. The adjacent concentrations sampled at discrete time instants are linearly
interpolated to obtain continuous runoff quality data. At the beginning of the runoff
process, the pollutant concentrations are assumed to have the same value as that measured
in the first sample; similarly, the pollutant concentrations are assumed to be constant after
the last sample. The monitoring procedure and the criteria adopted to select rainfall events
ensure that the time span of the sampling activity is almost coincident with the duration
of every stormwater event. In this way, the first sample will be collected at or near to the
beginning of the runoff, while the last is sampled close to its end.

The slices” EMCs are assessed for all the rainfall events considered, then box and
wisher representations are obtained for each slice, thus obtaining quantitative information
of how pollutant concentrations are distributed within every slice. The earlier slices contain
a greater population of possible concentrations than the subsequent slices because the
rainfall depth from each storm event is highly stochastic. When the number of EMC values
for every slice is smaller than five, the statistical analysis stops.

With the non-parametric Wilcoxon rank-sum test, it is possible to evaluate whether the
sets of EMC from contiguous slices are indifferent. If this happens, these slices are merged
and considered as a single population compared to the one belonging to the adjacent slice.
The process stops when the next consecutive slice is different from a statistical point of
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view. The test compares with the subsequent slice each one whose population is different
to that of the previous group. Once a group of slices that are statistically indifferent has
been defined, its concentration distribution is evaluated, thus leading to reorganized box
and whisker plots.

The last stage of the procedure allows the detection of the first flush that takes place
if all the following conditions are satisfied: the Wilcoxon rank-sum test returns multiple
slices from grouping the initial ones; the median of aggregated box plots shows a declining
evolution. Computing the median of the extreme groups (i.e., first and last, respectively)
provides the initial concentration and the background concentration. The part of the
runoff volume corresponding to the groups that precede that defining the background
concentration is used to estimate the first flush volume (Vpp). Testing the population of the
last group against that of the initial group allows one to check for the median indifference
and provides the FF strength as the probability of this test (Prp/pg)-

3. Results and Discussion

The analysis carried out on the discrete experimental data in accordance with the first
steps of the procedure described in the previous section provides the statistical distribu-
tion of the evolution of mean pollutant parameters in wet-weather runoff, allowing the
identification of representative pollutographs for the catchment.

Figures 5 and 6 depict the distribution of EMC in each slide of runoff. Figure 5 shows
the basic statistics of EMC for TSS data for slice of runoff equal to 0.5-1 and 2 mm, while
Figure 6 displays the basic statistics of the EMC for all the examined parameters (except for
TSS, which is presented in Figure 5) with a slice of runoff equal to 1 mm.
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Figure 5. Summary statistics with box plots before grouping of TSS mean concentration data for
a slice of runoff equal to 0.5-1 and 2 mm. On each box, the central mark denotes the median, and
the lower and upper borders of the box indicate the 25th and 75th percentiles, respectively. The
whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted
individually using the “+” marker symbol.
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Figure 6. Summary statistics with box plots before grouping of the mean concentration data for COD,
BODS5, Pb, Zn, TN, P with a slice of runoff equal to 1 mm. On each box, the central mark denotes
the median, and the lower and upper borders of the box indicate the 25th and 75th percentiles,
respectively. The whiskers extend to the most extreme data points not considered outliers, and the
outliers are plotted individually using the “+” marker symbol.

The graphs show that the EMCs obtained in earlier slices experience higher variability
than the subsequent slices of runoff, which is consistent with the observation that several
factors influence the initial pollution of wet-weather runoff in an urban catchment, includ-
ing the peculiar features of the precipitation event, the duration of the previous drought
period and the maintenance rules for urban surfaces [28,34].

Median concentrations of the initial slices of runoff are typically greater than the
subsequent median values, but the trend of median EMC is not sharply defined since an
intermediate oscillatory behavior occurs for all pollutant parameters. Considering a slice of
runoff equal to 2 mm the oscillatory tendency is not possible due to the coarse description
of the evolution of the quality characteristics with this slice.

Figures 7 and 8 show the aggregate box plots of the EMC data after the application of
the Wilcoxon rank-sum test with level of significance « equal to 0.05. Figure 7 presents the
results after grouping for the TSS EMC data with slices of runoff equal to 0.5-1 and 2 mm.
Figure 8 shows the graphs after grouping for all the examined pollutant parameters (except
for TSS, which is presented in Figure 7) with a slice of runoff equal to 1 mm.

The results obtained for slices of runoff equal to 0.5 and 1 mm are the same for
TSS concentrations, and analogous results are also found for all the examined pollutant
parameters, which shows consistent grouped slices. The coarse description of the pollutant
evolution with a slice size of 2 mm changes some results and leads to a unique slice group
for some parameters such as TSS. Therefore, in agreement with previous findings on a
catchment with a similar monitoring protocol, this slice of runoff is not recommended and
it should be excluded from the analysis [25].

For a slice of 1 mm, all the examined pollutants except for COD exhibit two slice
groups after grouping, allowing the detection of the first flush phenomenon. The first
flush volume is equal to 5 mm for TSS and Zn, while it is 6 mm for BOD5, Pb, TN and P,
highlighting the peculiar behavior of every pollutant in the urban rainfall-runoff process.
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In order to test the sensitivity of the results on the adopted level of significance of the
Wilcoxon rank-sum test, different levels of significance are examined up to a minimum
value of 0.01. Figures 9 and 10 present the aggregate box plots of the EMC data after the
application of the Wilcoxon rank-sum test with level of significance « equal to 0.01. Figure 9
presents the results after grouping for TSS EMC data with slices of runoff equal to 0.5-1 and
2 mm. Figure 10 shows the graphs after grouping for all the examined pollutant parameters
(except for TSS, which is presented in Figure 9) with a slice of runoff equal to 1 mm.

The results are to some extent dependent on the significance level. By decreasing the
statistical significance level from 0.05 to 0.01, more stringent rules are needed to reveal the
first flush phenomenon. Excluding from the analysis the slice size of 2 mm, the first flush is
detected for all the considered significance levels for TSS, Zn and TN, while other pollutants
(i.e., COD, BODS, Pb and P) do not satisfy the test requirements with a statistical significance
of 0.01. This behavior is consistent with the more stringent test requirements that are
associated with a lower level of significance. As the level of significance decreases, the
probability increases that contiguous slices are statistically indifferent and, thus, grouped.
Accordingly, for some pollutants, the number of boxes diminishes after grouping.

Tables 2 and 3 show the values of initial and background concentrations, and the
detected volume of first flush for slices of runoff equal to 0.5 and 1 mm with levels of
significance of 0.05 and 0.01. Vg and Pgp,/pg are reported in gray color for a unique slice
group after aggregation; these values correspond to those related to the lowest probability
value of the Wilcoxon rank-sum test applied to the contiguous slices before grouping.

The results shows that initial concentrations tend to decrease as the level of statistical
significance diminishes. Conversely, the background concentrations of some pollutants
exhibit an increasing trend for decreasing significance level. This behavior is justified by
the more stringent test requirements to detect differences between populations of adjacent
slices when the level of significance is reduced. Accordingly, for some pollutants, the
number of boxes diminishes after the test grouping.
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Figure 7. Summary statistics with box plots after grouping of TSS mean concentration data for slices
of runoff equal to 0.5-1 and 2 mm, « = 0.05. On each box, the central mark denotes the median,
and the lower and upper borders of the box indicate the 25th and 75th percentiles, respectively. The
whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted
individually using the “+” marker symbol.
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Figure 10. Summary statistics with box plots after grouping of the mean concentration data for
COD, BODS5, Pb, Zn, TN, P with a slice of runoff equal 1 mm, « = 0.01. On each box, the central
mark denotes the median, and the lower and upper borders of the box indicate the 25th and 75th
percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers,
and the outliers are plotted individually using the “+” marker symbol.

Initial and background concentrations change slightly if the adopted slice of runoff
decreases from 1 to 0.5 mm. These variations are comparable to the uncertainties inherent
in the acquisition of experimental data. The strength of the first flush measured by Prg/pg
varies with the slice size for every pollutant. The phenomenon is more intense and pro-
nounced with a 0.5 mm slice than with a 1 mm slice. This result corroborates the findings
of previous studies [24,25], which attribute the decrease in the strength of the phenomenon
as the size of the slices increase to the “dilution effect” of the larger slices. An important
finding is that Vgr varies within a limited range of 5-6 mm for the examined parameters
with both 0.5 and 1 mm slice sizes, except for COD, which does not exhibit the FF phe-
nomenon. The detected Vgg allows one to at least halve the median EMC concentration of
TSS, BODS5, Pb, Zn, TN and P compared to initial values.

Table 2. Results after slice grouping with « = 0.05. Ngg: number of slice groups; Vgg: volume of
first flush; Cyy: initial concentration; Cpg: background concentration; P pg: probability value of
the Wilcoxon rank-sum test applied to the first and last group. Vg in gray color refers to the lowest
probability value of the tests; Ppp/p¢ in gray color is the lowest probability value of the tests.

Slice Runoff (mm) Parameter Nsg VEr (mm) CiN (mg/L) Cpg (mg/L) PrrBG
TSS 2 5 178.46 72.70 547 x 1078
COD 1 273.40 273.40
BOD5 2 5.5 95.34 23.69 2.74 x 107°
0.5 mm Pb 2 5.5 0.14 0.06 2.11 x 1072
Zn 3 5 0.75 0.28 2.28 x 107
TN 2 55 13.36 4,01 2.79 x 10~
P 2 5.5 10.41 2.98 2.79 x 107°
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Table 2. Cont.
Slice Runoff (mm) Parameter Nsg VEr (mm) Cin (mg/L) Cpg (mg/L) PrrBG
TSS 2 5 168.73 72.70 1.65 x 1074
COD 1 27745 277.45
BOD5 2 6 80.88 23.29 1.77 x 1072
1 mm Pb 2 6 0.13 0.06 1.34 x 1072
Zn 2 5 0.54 0.27 498 x 107>
TN 2 6 12.90 3.79 6.44 x 1073
P 2 6 10.41 3.04 1.89 x 1072

Table 3. Results after slice grouping with « = 0.01. Ngg: number of slice groups; Vp: volume of
first flush; Cyy: initial concentration; Cpg: background concentration; P pg: probability value of
the Wilcoxon rank-sum test applied to the first and last group. Vg in gray color refers to the lowest
probability value of the tests; Prp/pg in gray color is the lowest probability value of the tests.

Slice Runoff (mm) Parameter Nsg VEr (mm) CiN (mg/L) Cpg (mg/L) PrrBG
TSS 2 5 178.5 72.7 5.47 x 1078
COD 1 2734 273.4
BOD5 1 70.5 70.5
0.5 mm Pb 2 6 0.13 0.05 6.04 x 1074
Zn 2 5 0.55 0.28 1.06 x 108
TN 2 13.36 4.01
P 1 55 8.65 8.65 1.58 x 102
TSS 2 5 168.7 72.7 1.65 x 1074
COD 1 2774 2774
BOD5 1 77.1 77.1
1 mm Pb 1 0.11 0.11
Zn 2 5 0.54 0.27 498 x 107°
TN 2 6 12.90 3.79 6.44 x 1073
P 1 9.73 9.73

In order to test the dependence of the obtained results on the peculiarities of the case
study, i.e., land use and complexity of the sewerage system, the outcomes of the procedure
are compared with those obtained in a previous investigation in a neighboring residential
catchment of Pavia, Cascina Scala [25].

Consistent with Table 2 for Bivio Vela, Table 4 reports the results achieved in terms
of Nsg, Vrr, CiN, Ceg and Pgp/pg for the examined pollutants at Cascina Scala with slice
sizes of 0.5 and 1 mm and a significance level of 0.05.

The Bivio Vela industrial catchment exhibits a lower number of slice groups and less
relevant differences between initial and background concentrations for all the examined
pollutants compared to the case of the residential catchment of Cascina Scala. Cyy are
higher at the Cascina Scala catchment (except for P), while background values are often
greater at the Bivio Vela catchment, and this is consistent with the lower number of slices
after grouping at the Bivio Vela catchment. The strength of the FF is comparable for the
two catchments (except for COD, which does not exhibit FF at Bivio Vela catchment), with
a confirmed decreasing trend of Pgg/pg for decreasing slice size of runoff. A relevant
difference that emerges from the comparison is the wider range of the Vg for the examined
pollutants at the Cascina Scala catchment. This result is of particular interest since both
catchments are located in Pavia, northern Italy, thus exhibiting the same climatic features
and precipitation characteristics. Also, the adopted monitoring equipment and sampling
protocol are similar for the two catchments. The different outcomes obtained from compar-
ing the two databases are likely attributable to the different characteristics (extension and
land use) of the two catchments and to the relative complexity of the sewerage system.
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Table 4. Results after slice grouping applied to Cascina Scala database for TSS, COD, Pb, Zn, TN and
P with « = 0.05. Ngg: number of slice groups; Vgg: volume of first flush; Cpy: initial concentration;
Cgg: background concentration; P pg: probability value of the Wilcoxon rank-sum test applied to
the first and last group.

Slice Runoff (mm) Parameter Nsg VEr (mm) CiN (mg/L) Cpg (mg/L) PrrBG

TSS 3 6 709.6 75.5 1.3 x 1074

COD 3 25 1132.4 131.0 1.1 x 1078

0.5 mm Pb 2 1 0.27 0.06 6.9 x 1077
Zn 2 5 0.33 0.19 1.1x10°°

TN 2 25 23.19 7.96 1.9 x 1074

P 3 3 5.62 1.07 49 x 1078

TSS 3 6 786.0 60.5 29 %1073

COD 4 6 1122.3 57.7 40 x 1073

1 mm Pb 2 1 0.32 0.06 1.6 x 1073
Zn 2 5 0.32 0.17 28 %103

TN 2 2 25.02 8.45 53 x 1073

P 3 3 5.63 1.02 8.6 x 107>

The Cascina Scala catchment has a smaller surface area, and a shorter and less com-
plex urban drainage system compared to the Bivio Vela catchment. Smaller surface area
and simpler system structure fosters a smoother decreasing trend of the mean pollutant
concentrations during the evolution of the runoff at Cascina Scala compared to the Bivio
Vela catchment.

Hydrographs and pollutographs at the final reach of Bivio Vela are the sum of the
contributions from the two sub-catchments, SC1 and SC2, which correlate with a difference
in time lag. Furthermore, in wet weather, a relevant part of the incoming flow rate from
SC1 is discharged into the receiving water course through CSO1. The time lag between the
hydrographs of the two sub-catchments (partial hydrograph for SC1 and total hydrograph
for SC2) is likely the main reason for the oscillatory behavior of median EMC, which occurs
for all pollutant parameters for the intermediate slices of runoff (Figures 5 and 6). The FF
phenomenon is still present, and it is likely supported by the fact that only a part of the
hydrograph from SC1 correlates with the final hydrograph.

The different land use types of the two experimental catchments also affect the results,
as can be observed from the markedly different initial values of concentrations, e.g., for
slice size 1 mm and & = 0.05, Cpy of TSS is 786.0 mg/L at the Cascina Scala catchment
and 168.73 mg/L at the Bivio Vela catchment; Cyy of COD is 1122.3 mg/L at the Cascina
Scala catchment and 277.45 mg/L at the Bivio Vela catchment. These results highlight
significantly higher initial levels of these parameters in the residential catchment compared
to the industrial one. Cascina Scala as well as Bivio Vela exhibits a wider distribution of
EMC in initial than in final aggregate slice since many factors affect the initial pollution of
urban stormwater runoff, such as intensity of rainfall, antecedent dry period and frequency
of cleaning operations on urban surfaces [20,35]. Also, background concentrations assume
peculiar values, which are representative of each catchment feature, although the final
values for the two databases are not too dissimilar.

Despite the wider range for Vg, the results of the Cascina Scala catchment confirm
that a runoff depth of 6 mm allows a reduction in the catchment’s stormwater pollutant
concentrations to background levels for all the examined parameters. This value, which
allows background pollution levels from both examined databases of Pavia to be obtained,
seems fairly consistent with the design criteria imposed by the Lombardy region in Italy for
wet-weather detention tanks. Regional Regulation of Lombardy Region n. 6/2019 imposes
a reference storage capacity of 50 m> per contributing impervious hectare, i.e., 5 mm of
runoff depth. The stormwater volume stored in each event should be conveyed at the
treatment facility within 48 h from the end of stormwater runoff in the sewerage.
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The detected Vgr volume should represent an overall reference value, guiding en-
vironmentally sustainable decisions for effective design and management of stormwater
control and treatment practices.

4. Conclusions

In this article, a sound innovative analysis was carried out on selected experimental
data on wet-weather runoff from an industrial catchment of northern Italy. The procedure
provided the statistical characterization of the evolution of mean pollution parameters in
subsequent slices of runoff, allowing the recognition of representative pollutographs for
the catchment. Systematic grouping of adjacent slices through the Wilcoxon rank-sum
test allowed the assessment of the volume of first flush needed to reduce stormwater
pollutant concentrations to the catchment’s background levels, accounting for the dynamics
of different pollutant types. The achieved volume of first flush as well as the attained
representative initial and background concentrations were to some degree dependent on
the chosen level of significance and were quite consistent for a slice of runoff up to 1 mm,
while a wider slice led to an overly coarse and inaccurate analysis of the evolution of runoff
quality characteristics. The peculiarities of the catchment affected the outcomes of the
procedure since surface extension, land use and complexity of the sewerage system were
the main reasons for the different results for the two neighboring urban catchments affected
by the same climatic features and rainfall conditions.

The adopted reliable assessment of first flush volume and strength is useful to guide
environmental sustainable decisions that address the design and management of stormwa-
ter control and treatment practices. The analysis provides the runoff depth that must
be captured to reach background concentrations, and it also allows the detection of rep-
resentative pollutographs to be adopted for studies on the performance assessment of
solutions aimed at the environmental sustainability and safeguarding of natural resources.
Similarly, the results of the procedure applied to databases from catchments located in
the Lombardy region allowed a critical evaluation of the effectiveness of rules imposed
by the current Regional Regulation on environmental protection. The advantages of the
analysis methodology and the relevance of the obtained results promote the application
of this methodological approach for other case studies, focusing on the implications for
stormwater management practices, particularly for the effective design of control and
treatment systems. The modifications of the catchment’s representative evolution of mean
pollution concentrations and first flush outcomes will be investigated in future research to
account for the modification of rainstorm patterns due to climate change. The results of
these further investigations will be published in due course.

Funding: This work was partly funded by the Italian Ministry for University and Research MUR
within the national project “PRIN 2020—URCA!” and partly supported by the PRIN 2022 PNRR
project “Uncertainty Quantification of coupled models for water flow and contaminant transport”
(No. P2022LXLYY), financed by the European Union—Next Generation EU. The work was also
partly supported by the MUR Program, “Dipartimenti di Eccellenza 2023-2027”, within the project
“DORIAN of DICAr”.

Data Availability Statement: All relevant data are within the manuscript.

Acknowledgments: Support from the Italian Ministry of University and Research (MUR), the
European Union—Next Generation EU, and the University of Pavia is acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Miiller, A.; Osterlund, H.; Marsalek, J.; Viklander, M. The pollution conveyed by urban runoff: A review of sources. Sci. Total
Environ. 2020, 709, 136125. [CrossRef] [PubMed]

2. Yazdi, M.N.; Sample, D.]J.; Scott, D.; Wang, X.; Ketabchy, M. The effects of land use characteristics on urban stormwater quality
and watershed pollutant loads. Sci. Total Environ. 2021, 773, 145358. [CrossRef] [PubMed]

3. Saget, A.; Chebbo, G.; Bertrand-Krajewski, J.-L. The first flush in sewer systems. Water Sci. Technol. 1996, 33, 101-108. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2019.136125
https://www.ncbi.nlm.nih.gov/pubmed/31905584
https://doi.org/10.1016/j.scitotenv.2021.145358
https://www.ncbi.nlm.nih.gov/pubmed/33940725
https://doi.org/10.2166/wst.1996.0186

Water 2024, 16, 16 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

Sansalone, J.J.; Buchberger, S.G. Partitioning and first flush of metals in urban roadway storm water. J. Environ. Eng. 1997, 123,
134-143. [CrossRef]

Bertrand-Krajewski, J.L.; Chebbo, G.; Saget, A. Distribution of pollutant mass vs volume in stormwater discharges and the first
flush phenomenon. Water Res. 1998, 32, 2341-2356. [CrossRef]

Deletic, A. The first flush load of urban surface runoff. Water Res. 1998, 32, 2462-2470. [CrossRef]

Barco, J.; Papiri, S.; Stenstrom, M.K. First flush in a combined sewer system. Chemosphere 2008, 71, 827-833. [CrossRef]
Maniquiz-Redillas, M.; Robles, M.E.; Cruz, G.; Reyes, N.J.; Kim, L.-H. First Flush Stormwater Runoff in Urban Catchments: A
Bibliometric and Comprehensive Review. Hydrology 2022, 9, 63. [CrossRef]

Jeung, M.; Baek, S.; Beom, J.; Cho, K.H.; Her, Y.; Yoon, K. Evaluation of random forest and regression tree methods for estimation
of mass first flush ratio in urban catchments. J. Hydrol. 2019, 575, 1099-1110. [CrossRef]

Chaudhary, S.; Chua, L.H.C.; Kansal, A. Event mean concentration and first flush from residential catchments in different climate
zones. Water Res. 2022, 219, 118594. [CrossRef]

Chang, G.; Parrish, J.; Souer, C. The First Flush of Runoff and Its Effect on Control Structure Design; Final Report Environmental and
Conservation Services Department, Environmental Resources Management Division: Austin, TX, USA, 1990.

Strecker, E.W.; Quigley, M.M.; Urbonas, B.R; Jones, J.E.; Clary, ].K. Determining urban storm water BMP effectiveness. ]. Water
Resour. Plan. Manag. 2001, 127, 144-149. [CrossRef]

Kayhanian, M.; Stenstrom, M.K. Mass loading of first flush pollutants with treatment strategies simulations. Transp. Res. Rec.
2005, 1904, 133-143. [CrossRef]

Todeschini, S.; Papiri, S.; Ciaponi, C. Performance of stormwater detention tanks for urban drainage systems in northern Italy. J.
Environ. Manag. 2012, 101, 33—45. [CrossRef] [PubMed]

Todeschini, S.; Papiri, S.; Ciaponi, C. Placement strategies and cumulative effects of wet-weather control practices for intermunici-
pal sewerage systems. Water Resour. Manag. 2018, 32, 2885-2900. [CrossRef]

Jensen, D.M.R. Challenging Current Practices for Management of Pollution in Separate Stormwater Discharges. Ph.D. Thesis,
DTU Environment, Kgs. Lyngby, Denmark, 2022; p. 222. Available online: https:/ /orbit.dtu.dk/en/publications/challenging-
current-practices-for-management-of-pollution-in-sepa (accessed on 1 September 2023).

Di Modugno, M.; Gioia, A.; Gorgoglione, A.; Iacobellis, V.; La Forgia, G.; Piccinni, A.F.; Ranieri, E. Build-Up/Wash-Off Monitoring
and Assessment for Sustainable Management of First Flush in an Urban Area. Sustainability 2015, 7, 5050-5070. [CrossRef]
McCarthy, D.T. The first flush of E. coli in urban stormwater runoff. Water Sci. Technol. 2009, 60, 2749-2757. [CrossRef]

Zhang, W.; Zhang, X.; Fan, J.; Shi, Z.; Zhao, Y.; Li, S. Runoff pollution characterization and first flush effect of urban roof catchment.
Desalination Water Treat. 2019, 119, 262-266. [CrossRef]

Mamun, A.A.; Shams, S.; Nuruzzaman, M. Review on uncertainty of the first-flush phenomenon in diffuse pollution control.
Appl. Water Sci. 2020, 10, 53. [CrossRef]

Gao, Z.; Zhang, Q.; Li, ].; Wang, Y.; Dzakpasu, M.; Wang, X.C. First flush stormwater pollution in urban catchments: A review of
its characterization and quantification towards optimization of control measures. J. Environ. Manag. 2023, 340, 117976. [CrossRef]
Kang, J.-H.; Kayhanian, M.; Stenstrom, M.K. Implications of a kinematic wave model for first flush treatment design. Water Res.
2006, 40, 3820-3830. [CrossRef]

Kang, J.-H.; Kayhanian, M.; Stenstrom, M.K. Predicting the existence of stormwater first flush from the time of concentration.
Water Res. 2008, 42, 220-228. [CrossRef] [PubMed]

Bach, PM.; McCarthy, D.T.; Deletic, A. Redefining the stormwater first flush phenomenon. Water Res. 2010, 44, 2487-2498.
[CrossRef] [PubMed]

Todeschini, S.; Manenti, S.; Creaco, E. Testing an innovative first flush identification methodology against field data from an
Italian catchment. J. Environ. Manag. 2019, 246, 418-425. [CrossRef] [PubMed]

Zhang, W.; Li, J.; Sun, H.C.; Che, W. Pollutant first flush identification and its implications for urban runoff pollution control: A
roof and road runoff case study in Beijing, China. Water Sci. Technol. 2021, 83, 2829-2840. [CrossRef] [PubMed]

Perera, T.; McGree, ].; Egodawatta, P; Jinadasa, K.B.S.N.; Goonetilleke, A. Catchment based estimation of pollutant event mean
concentration (EMC) and implications for first flush assessment. J. Environ. Manag. 2021, 279, 111737. [CrossRef] [PubMed]
Hornig, S.; Bauerfeld, K.; Beier, M. Dynamization of Urban Runoff Pollution and Quantity. Water 2022, 14, 418. [CrossRef]
Zolkefli, N.; Sharuddin, S.S.; Yusoff, M.Z.M.; Hassan, M.A.; Maeda, T.; Ramli, N. A Review of Current and Emerging Approaches
for Water Pollution Monitoring. Water 2020, 12, 3417. [CrossRef]

Sepehri, A.; Sarrafzadeh, M.H. Effect of nitrifiers community on fouling mitigation and nitrification efficiency in a membrane
bioreactor. Chem. Eng. Process.-Process Intensif. 2018, 128, 10-18. [CrossRef]

Costa, M.E.L.; Carvalho, D.J.; Koide, S. Assessment of Pollutants from Diffuse Pollution through the Correlation between Rainfall
and Runoff Characteristics Using EMC and First Flush Analysis. Water 2021, 13, 2552. [CrossRef]

Todeschini, S. Hydrologic and Environmental Impacts of Imperviousness in an Industrial Catchment of Northern Italy. ASCE’s J.
Hydrol. Eng. 2016, 21, 05016013. [CrossRef]

Gibbons, J.D.; Chakraborti, S. Nonparametric Statistical Inference, 5th ed.; Chapman & Hall/CRC Press: Boca Raton, FL, USA;
Taylor & Francis Group: Abingdon, UK, 2011.


https://doi.org/10.1061/(ASCE)0733-9372(1997)123:2(134)
https://doi.org/10.1016/S0043-1354(97)00420-X
https://doi.org/10.1016/S0043-1354(97)00470-3
https://doi.org/10.1016/j.chemosphere.2007.11.049
https://doi.org/10.3390/hydrology9040063
https://doi.org/10.1016/j.jhydrol.2019.05.079
https://doi.org/10.1016/j.watres.2022.118594
https://doi.org/10.1061/(ASCE)0733-9496(2001)127:3(144)
https://doi.org/10.1177/0361198105190400114
https://doi.org/10.1016/j.jenvman.2012.02.003
https://www.ncbi.nlm.nih.gov/pubmed/22387328
https://doi.org/10.1007/s11269-018-1964-y
https://orbit.dtu.dk/en/publications/challenging-current-practices-for-management-of-pollution-in-sepa
https://orbit.dtu.dk/en/publications/challenging-current-practices-for-management-of-pollution-in-sepa
https://doi.org/10.3390/su7055050
https://doi.org/10.2166/wst.2009.374
https://doi.org/10.5004/dwt.2018.22061
https://doi.org/10.1007/s13201-019-1127-1
https://doi.org/10.1016/j.jenvman.2023.117976
https://doi.org/10.1016/j.watres.2006.09.007
https://doi.org/10.1016/j.watres.2007.07.001
https://www.ncbi.nlm.nih.gov/pubmed/17643470
https://doi.org/10.1016/j.watres.2010.01.022
https://www.ncbi.nlm.nih.gov/pubmed/20185157
https://doi.org/10.1016/j.jenvman.2019.06.007
https://www.ncbi.nlm.nih.gov/pubmed/31200176
https://doi.org/10.2166/wst.2021.157
https://www.ncbi.nlm.nih.gov/pubmed/34115634
https://doi.org/10.1016/j.jenvman.2020.111737
https://www.ncbi.nlm.nih.gov/pubmed/33310347
https://doi.org/10.3390/w14030418
https://doi.org/10.3390/w12123417
https://doi.org/10.1016/j.cep.2018.04.006
https://doi.org/10.3390/w13182552
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001348

Water 2024, 16, 16 17 of 17

34. Schiff, K.C.; Tiefenthaler, L.L.; Bay, S.M.; Greenstein, D.J. Effects of Rainfall Intensity and Duration on the First Flush from Parking
Lots. Water 2016, 8, 320. [CrossRef]

35. Perera, T.; McGree, ].; Egodawatta, P.; Jinadasa, K.B.S.N.; Goonetilleke, A. Taxonomy of Influential Factors for Predicting Pollutant
First Flush in Urban Stormwater Runoff. Water Res. 2019, 166, 115075. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/w8080320
https://doi.org/10.1016/j.watres.2019.115075
https://www.ncbi.nlm.nih.gov/pubmed/31526980

	Introduction 
	Materials and Methods 
	Case Study and Data Acquisition 
	Definition of Representative Pollutographs and FF Analysis 

	Results and Discussion 
	Conclusions 
	References

