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Abstract: This paper reports the results of studies on the concentrations of total suspended solids
(TSS) and heavy metals (HMs) (Cu, Zn, Cr, Ni, Cd, Pb) in stormwater. Pollutant loads were calculated
for the observed high water stages. Pollutographs showing M/Mc = f (V/Vc) relationships were
generated. In the description of the relationships, two functions, namely the exponential and the
power functions, were employed. These represented the dynamics of the pollutant washout from the
surface of the catchment area. The analyses demonstrated that the exponential function provides
a slightly better description of the course of the process compared with the power function. In the
former case, correlation coefficients (R) ranged from 0.900 to 0.999, whereas in the latter they ranged
from 0.864 to 0.999. The analyses of correlations between the characteristics describing discharge
hydrographs and the values of pollutant washout coefficients indicate that the strongest statistical
relationships were identified for TSS. It was demonstrated that the value of the washout coefficient
for total suspended solids (kTSS) drops with an increase in rain intensity (q). This also depends
on the 10-min precipitation (Ptd=10). Regarding the studied heavy metals, a statistically significant
impact of the dry period (tbd) on the washout coefficient was observed only for lead (kPb). Taking into
account the washout coefficient in the first flush model makes it possible to improve the accuracy of
calculations. This is important for understanding the studied phenomenon.

Keywords: washout coefficient; pollutograph; precipitation characteristics; total suspended solids
(TSS); heavy metals (HMs)

1. Introduction

The purpose of the study was to analyze the relationship between (1) precipita-
tion characteristics and the parameters of runoff hydrographs from the catchment area,
and (2) the pollutant washout. It is extremely important to adequately estimate the value of
the washout coefficient for surface pollutants. This issue is relevant for the construction of
models for stormwater quality forecasts, stormwater treatment, and the management of wa-
ter supplies in the catchment area. It is also important for the protection and improvement
of the conditions of aquatic environments.

The washout of pollutants from the surface of catchment areas during precipitation is
a consequence of the accumulation of particles in dry weather, and also their transport in
the runoff events. The dynamics of the particle deposition on the surface are usually de-
scribed by linear or exponential functions [1]. The pollutant washout dynamics are usually
expressed by an exponential function [2] or a power function [3]. The investigations by
Osuch-Pajdzińska and Zawilski [4,5] indicate that the dynamics of the pollutant washout
from the surface of the catchment area are affected by the depth of the runoff. The authors
also concluded that after a certain time, the quantity of pollutants accumulated on the
surface is constant and does not change [4,5]. Beretta et al. [6] and Egodawatta [7] demon-
strated that the following should be taken into account in pollutant washout analyses:
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rain intensity, precipitation depth and duration, maximum flow, the volume of the runoff
hydrograph in a precipitation event, climate conditions, and the land development type.

According to the studies by Sartor et al. [2], Alley and Smith [8], and Lee et al. [9], the
length of the dry period is the prevailing factor that determines the quantity of pollutants
accumulated on the catchment surface between individual precipitation events. The dry
period length is of particular importance for the washout of total suspended solids (TSS)
loads and the related heavy metals (HMs) loads [10]. The impact of weather conditions
on the characteristics of the phenomenon is also confirmed by analyses performed by
Vezzaro et al. [11] and Zhao and Li [12]. Because a comprehensive description of both the
pollutant deposition and washout with stormwater is not readily available, the models
currently used provide only an approximation of the process [4,5,13–15]. A number
of simplifications are made in the models currently used to predict stormwater quality.
This originates in the dynamics of changes in the pollutant deposition, and the complex
washout dynamics. The results are confirmed by uncertainty analysis [16], in which the
GLUE method, among others, was used. The acronym stands for Generalized Likelihood
Uncertainty Estimation and the method can be applied to urban catchments [17]. Although
this uncertainty analysis is accurate, due to its complex implementation and significant
computational requirement, simplified methods have been developed. In those methods,
uncertainty of the factors accounted for in the models (outflow volume variability, washout,
and deposition coefficients) are described with normal distributions [18].

Modeling stormwater quality in urban catchments is a complex task. It is necessary to
simultaneously model a number of processes, including pollutant deposition, stormwater
outflow from the catchment, pollutant washout from the land surface, and stormwater flow
through the sewer network. One of the commonly used simulation tools is the SWMM
(Storm Water Management Model). Depending on the input data quality, different calcula-
tion models can be employed [19]. In the majority of approaches, the pollutant washout is
modeled by non-linear (exponential) functions. In some cases, when exact measurement
results are not available, average values can be assumed. Literature data confirm that
this approach can also be used for modeling the quality of stormwater outflowing from a
catchment [20].

A relevant characteristic of precipitation waters is that the pollutant load discharge
within a unit of time is nonuniform. The initial period of stormwater runoff, in which
the pollutant concentrations are substantially higher than later, is called the first flush
phenomenon (or simply the first flush) [21–23]. The phenomenon is most often defined
by comparing the total mass of pollutants (M) and cumulative runoff volume (V). In
accordance with Bertrand-Krajewski et al. [3], the first flush phenomenon occurs when
80% of pollutants is transported in 30% of the cumulative runoff volume (80/30). The
relationship has been interpreted in a different way by other researchers, namely, as
40/20 [24], 50/25 [25], or 80/20 [26]. Investigations conducted in Korea [27], Australia [28],
and the USA [29] provide different conclusions with respect to the causes of occurrence
and the dynamics of the first flush. Depending on the profile of the washout and the type
of pollutants, the phenomenon can occur quite often, but is not found in all precipitation
events. A strong first flush is most frequently observed in small catchments with a high
degree of sealing, whereas it is not found across vast catchments [30]. In order to be able to
better understand the phenomena, it is necessary to perform field studies in the catchment
areas with diverse characteristics, and located in different climatic zones.

The majority of the models applied to simulate the first flush take into account the
high water volume and pollutant loads [23,24,31], i.e., mass balance. However, in the in-
vestigations quoted above, when the models are calibrated, the parameters of the pollutant
washout dynamics are assumed to be constant. The literature data [32,33] indicate that this
may be seen as a gross simplification that affects the calculation results and the dynamics
of the modeled phenomenon. Therefore, it is very important to precisely specify the value
of pollutant washout coefficient.
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2. Materials and Methods
2.1. Study Area

The studies were performed in the catchment of collector Si9, with an area of A = 62 ha,
located in the central-eastern part of the city of Kielce (Figure 1). In terms of development,
the catchment area is primarily covered by housing estates, public buildings, and arterial
and secondary streets. The highest point of the catchment area is located at 271.20 m
a.s.l., and the lowest at 260.00 m a.s.l. The average slope of the catchment is 0.71%.
The catchment consists mainly of green lands, which constitute 47.17% of its area. The
remaining 52.83% includes roads and streets (17.66%), roof surfaces (14.27%), parking
spaces (11.20%), pavements (8.41%), and asphalt school playgrounds (1.29%). Overall,
impervious areas with a high runoff coefficient constitute 52% of the total catchment area,
which indicates its typically urban character. The diameter of the main sewer, which is
over 1.5 km in length, ranges from 600 to 1250 mm, and the diameters of 17 lateral sewers
vary from 300 to 1000 mm [34,35].
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Figure 1. Study area: (a) location of the catchment in the city of Kielce; (b) sewage network system.

Before being discharged to the receiver (the Silnica river), the stormwater is pre–treated
at the stormwater treatment plant (SWTP) located in IX Wieków Kielc street (Figure 2).
The facility consists of two horizontal settling tanks with a length of 30 m each, and a
coalescence separator with a diameter of 3.0 m.
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Figure 2. Stormwater treatment plant plan: (1) separation chamber; (2) horizontal settling tank; (3) co-
alescence separator; (4) regulated stormwater overflow (monitoring point); (5) inflow of stormwater;
(6) outflow to the river Silnica.

2.2. Measurements of Precipitation and Flow Intensity

Measurements of atmospheric precipitation were taken with a Total Rain weighing
Sensor TRwS by BMsonic at 1 min frequency and 0.001 mm resolution. The rain gauge,
which meets the requirements set by the World Meteorological Organization (WMO), was
located approx. 1.0 km from the Si9 collector outlet (Figure 1).

According to the manufacturer’s specifications, the relative measurement accuracy
is ±1%. WMO-No. 8 [36] guidelines state that weight-based rain gauges offer sufficient
accuracy and are recommended for continuous recording of precipitation. Investigations
conducted by Licznar [37] confirmed the high potential of this type of rain gauge for high
accuracy measurements compared with laser disdrometers.

Additionally, the amount of stormwater was measured using a ISCO AV 2150 modular
flow meter from Teledyne ISCO. It was set up in separation chamber (1) located in canal inlet
(5) to the SWTP (Figure 2). The meter’s principle of operation is based on the measurements
of the water column pressure and the mean flow rate in the canal, recorded with an AV
probe. The measurement frequency during the peak runoff event ranged from 15 to 30 s,
and from 1 to 5 min prior to the event, depending on the instrument set-up.

Further analyses were based on the results of tests on stormwater amount and quality
for the period between May 2017 and August 2018 (13 precipitation-runoff events of the
spring–autumn season). High water stage events due to thawing were not taken into
account. The parameters of the events and precipitation characteristics are listed in Table 1.

2.3. Collection of Stormwater Samples

Stormwater samples were collected using an ISCO 6712 portable sampler by Teledyne
ISCO, which satisfies the requirements of the United States Environmental Protection
Agency (US EPA), equipped with 24 bottles, each having a volume of 0.5 dm3. The device
was activated when the stream of effluents reached a depth of 3 cm, recorded by a probe
measuring the canal filling. It should be mentioned that yearly observations indicate that a
certain amount of flow, estimated to be about 2 dm3·s−1, is always found in the canal due
to groundwater seepage. The time step in stormwater sampling ranged from 5 to 15 min,
and was set depending on the predicted duration of the precipitation event. The location
of the stormwater sampling site is shown in Figure 1.
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Table 1. Parameters of the observed high water stages and precipitation.

No.
Ptd=10 P td q Pa Qmax Vc tp tbd Number

of Samplesmm mm min L·s−1·ha mm m3·s−1 m3 min h

1 - 2.6 360 1.20 1.3 0.313 632 50.0 54.0 8
2 1.8 2.1 54 6.48 3.6 0.360 510 23.5 25.0 8
3 - 6.6 480 2.29 2.6 0.076 200 32.0 0.6 8
4 0.5 1.1 48 3.82 1.4 0.094 263 33.5 3.1 12
5 0.5 5.2 424 2.04 2.8 0.274 1232 82.0 28.4 12
6 0.4 1.3 78 2.78 3.8 0.046 212 45.0 127.0 8
7 1.3 3.6 92 6.52 1.3 0.111 327 16.0 132.0 9
8 0.9 6.6 298 3.69 8.1 0.148 1173 162.5 137.0 24
9 0.5 3.1 170 3.04 6.6 0.101 687 122.0 6.0 24

10 4.6 8.3 24 57.65 3.6 0.173 425 29.5 43.3 9
11 2.9 5.4 56 16.07 2.8 0.277 684 19.0 71.2 9
12 0.7 4.0 168 3.97 5.4 0.140 580 26.0 8.2 14
13 0.7 6.3 106 9.91 4.8 0.312 755 78.0 10.2 14

Ptd=10—10-min amount of precipitation, P—total amount of precipitation, td—duration of rain, q—intensity of rain, Pa—depth of the
previous rainfall, Qmax—maximum flow rate, Vc—total high water stage volume, tp—total duration of the runoff event, tbd—inter-event
(rainless) time.

2.4. Determination of the Physicochemical Properties of Samples

Stormwater samples were not preserved, but they were transported directly to a
laboratory in order to determine their selected physicochemical parameters. Laboratory
tests on the stormwater quality concerned selected HMs (Ni, Cu, Cr, Zn, Pb, and Cd) and
TSS. The HM concentrations were examined using the atomic absorption spectroscopy
(ASA) method with flame atomization following the PN-EN ISO 8288:2002 standard [38].
Prior to content determination, the samples were mineralized in accordance with the EN
ISO 15587-1:2005 standard [39] methodology using a microwave oven (Multiwave 3000).
TSS were assessed following the PN-EN 872:2007 standard [40] using filtration through
glass fiber filters.

2.5. Analysis of Data

Instantaneous loads of pollutants specified in sampling were calculated using the formula:

l = cm·Q
(

kg·s−1
)

(1)

where: cm is the measured concentration of pollutants (kg·m−3), Q is the stormwater flow
rate (m3·s−1).

To calculate cumulative loads of pollutants in the peak runoff wave, it is necessary to
know the concentration at an arbitrary moment of the event duration. For this purpose,
the measured values of the concentration of pollutants were smoothed using the selected
equation. The coefficient of determination, R2, was used to measure the accuracy of the
fit of the regression to the empirical data. It was possible to find concentration values
beyond the time intervals in which stormwater was sampled for analyses. The values
of approximated loads of total suspended solids at time ti of the peak runoff event were
calculated from the formula:

li = Qi·ci

(
kg·s−1

)
(2)

where: Qi is the stormwater flow rate in time ti (m3·s−1), ci is the approximated concentra-
tion of pollutions in time ti (kg·m−3).

Based on measurements, pollution loads (TSS and HMs) washed out of the catchment
surface were calculated with the formula:

M =
n

∑
i=1

(li + li+1)

2
·∆t [kg] (3)
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where li,i+1 is the approximated load of pollutants for time ti and time ti+1 (kg·s−1), calcu-
lated from Formula (2), n is the number of time steps, and ∆t is the time step, calculated as
∆t = ti+1 − ti (s).

The cumulative volume for a given event was calculated from the formula:

V =
n

∑
i=1

(Qi + Qi+1)

2
·∆t

[
m3
]

(4)

where Qi, Qi+1–flow rates in time ti and time ti+1 (m3·s−1).
Then, pollution loads made it possible to generate pollutographs for the analyzed

precipitation events in the form of M/Mc = f(x = V/Vc). In the analyses, the variation was
extrapolated by a power Function (5) and an exponential Function (6) [7].

F(x) = xa (5)

F(x) =
1 − e−kx

1 − e−k (6)

where a and k are the washout coefficients.
In both cases, the values of a and k were determined with the Levenberg–Marquardt

method [41], using the STATISTICA software. Subsequently, by means of t-Student statis-
tics, it was checked whether the analyzed variables (k, P, td, q, Qmax, Vc, h, tp, tbd) had
normal distributions. If these variables showed normal distribution, a matrix of Pearson’s
linear correlation was generated for p = 0.05. If, however, this was not the case, a matrix
of gamma rank correlation was created for p = 0.05. This method is recommended when
the statistical samples are small [41], which was the case because 13 precipitation events
were taken into account. The results of correlation analyses were used to select variables
producing a significant impact on the pattern of variation of washout coefficients (a and k),
which was approximated by the following equation:

k = α·exp(−β·z) (7)

where α and β are the empirical parameters determined using the Levenberg–Marquardt
method, and z is the analyzed variable.

3. Results and Discussion
3.1. Results of Physicochemical Analyses

The quantity of TSS is one of the most important indicators of stormwater pollution.
Although solids themselves can adversely affect the aquatic environment of the receiver,
they also act as media for transporting other types of pollutants, including HMs. The
differences in the specific surface area of the of suspended solids particles result in their
various sorption properties. The processes of co-precipitation and sorption on the surface of
clay minerals and on organic particles significantly contribute to a decrease in the migration
of trace metal compounds in the water environment [42–44]. Numerous studies indicate
that the most frequently analyzed HMs are Ni, Cu, Cr, Zn, Pb, and Cd [45–57].

The investigations into the concentrations and temporary loads of TSS (CTSS and MTSS;
Figure 3) in the analyzed period showed the results were in the ranges of 40–1735 g·m−3

and 0.54–191.85 g·s−1, with median values of 120 g·m−3 and 7.54 g·s−1, respectively.
Regarding TSS concentrations, the values are similar to those observed in urban areas in
Germany (29–1535 g·m−3) [45], and in Santa Monica (12–1400 g·m−3) [46]. The values
resemble the data for high density residential areas (55–1568 g·m−3) [47], and car parks
and commercial land use (42–2185 g·m−3) [48]. Maximum values, however, are over
three times lower than in discharges from motorways and major roads (5700 g·m−3), or
urban, suburban, and residential roads (5400 g·m−3) [47], as shown by European data.
TSS concentrations in an interval between the 1st and the 3rd quartiles (86.5–291.5 g·m−3)
are close to the ranges specified by Gnecco et al. [49] for Genoa in Italy (15–377 g·m−3),
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Gasperi et al. [50] for Paris in France (119–254 g·m−3), and Taebi and Droste [51] for Isfahan
in Iran (43–467 g·m−3).

Heavy metals, found primarily in the airborne particulate matter, are particularly
hazardous substances. Deposited on the ground together with particulate matter, they are
then washed off the catchment and transported, with the stormwater, into the wastewater
receiving body. High concentrations of zinc, lead, and nickel in the stormwater result from
the widespread use of these elements in the automotive and fuel industries. The presence
of copper and chromium in the atmosphere is mainly caused by coal combustion and
industrial activities [35,53,58].

The data in Figure 3 show that, for all tested HMs, but in particular for Cu, Zn,
and Cd, the values of concentrations and temporary loads within a range between the
25th and 75th percentiles are several times lower than the recorded maxima. The highest
concentrations and temporary loads were found for Zn and Pb, for which the maximum
values reached the respective levels of 3.87 g·m−3 and 0.547 g·s−1, and 1.28 g·m−3 and
0.267 g·s−1. The lowest maxima concetrations and loads were observed in the case of Ni
and Cd, namely, 0.11 g·m−3 and 0.012 g·s−1, and 0.16 g·m−3 and 0.024 g·s−1, respectively.
The high concentrations of Zn in the studied catchments result from the relatively large
cumulative area of the roofs [59] in the study catchment.

Concentrations of Zn and Cd that are harmful to plants, water microorganisms, and
fish are extremely low; actual values are smaller than 0.1 g·m−3 [52]. Regarding Zn,
the range of values between the first and the third quartiles (0.13–0.38 g·m−3) exceeds
the value above, resulting in the toxicity of stormwater examined. The high Zn values
fell within the range specified by Królikowski et al. [53] for Białystok (0.20–6.00 g·m−3)
and Djukić et al. [54] for Belgrade (0.28–6.20 g·m−3). The remaining Zn values were
close to the upper ranges determined by Brombach and Fuchs [45] of 3.56 g·m−3, and
Gan et al. [55] of 4.40 g·m−3. Comparing the Cd and Pb concentrations with the findings
of other researchers [51,55,56], it can be seen that the values specified by them are in most
cases considerably lower than not just the maximum values, but also the medians reported
in this study. The observed maximum Pb content is similar to the upper limit established
for motorways and major roads [47].

The median of concentrations for Cu (0.09 g·m−3) was almost twice as high as for Cr
(0.05 g·m−3). The ranges of Cu and Cr concentrations between the lower and the upper
quartiles (0.06–0.15 and 0.03–0.11 g·m−3, respectively) are within the intervals specified for
high density residential areas [57], similar to the maximum value of Ni concentration.
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When sizing facilities in stormwater treatment plants, the pollutant loads seem to
be a more reliable criterion than pollutant concentrations. The same holds true for the
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assessment of the impact of pollutants on the water and soil environment of the stormwater
receivers, namely, watercourses, or the ground. The pollutant loads in the observed
high-water stages varied considerably (Table 2).

Table 2. Statistical characteristics of pollutant loads washed out of the catchment area.

Pollution

Load

Range Mean Standard
Deviation Coefficient of Variation

(%)(10−3·kg), * (kg)

Ni 0.54–50.15 15.52 13.17 84.85
Cu 19.50–94.44 50.83 25.00 49.18
Cr 13.25–68.54 28.74 18.72 65.13
Zn 52.84–1452.00 251.95 424.62 168.53
Pb 16.86–412.71 211.81 132.51 62.56
Cd 0.60–19.73 10.72 6.68 62.31

TSS * 22.90–796.00 160.23 220.57 137.65

* HMs concentrations are in [10−3·kg] and TSS concentrations are in [kg].

The highest variation in loads was observed for Zn and TSS. The values of the co-
efficient of variation greatly exceeded 100% for these pollutants. Conversely, the lowest
variation in loads was observed for Cu. In this case, the value of the coefficient of variation
was lower than 50%. The mean values of pollutant loads (HM) flowing out of the analyzed
catchment area during individual high water events can be put in the following decreasing
sequence: Zn > Pb > Cu > Cr > Ni > Cd. The results are congruent with the findings of
other researchers for urban agglomerations of various sizes [57].

The data collated in Table 3 also indicate that the magnitude of the TSS, Ni, Cu, Zn,
and Cd loads flowing out of the studied catchment area depends directly proportionally
on the total volume of surface runoff (Vc), or the maximum flow rate.

Table 3. The matrix of correlation between the analyzed parameters.

Variable MTSS MNi MCu MCr MZn MPb MCd

P 0.127 0.428 0.048 −0.238 0.048 −0.048 0.238
td 0.127 0.428 0.428 0.333 0.048 0.333 0.238

Ptd=10 0.098 0.100 0.100 0.100 0.500 0.200 0.100
q −0.091 0.048 −0.143 −0.428 0.048 −0.048 0.048

Qmax 0.454 −0.048 0.333 0.238 0.524 0.428 0.333
Vc 0.454 0.524 0.524 0.238 0.333 0.428 0.524
tp 0.296 0.048 0.428 0.143 0.048 0.333 0.428
tbd −0.054 −0.048 −0.048 −0.143 −0.048 0.143 −0.048

3.2. The Impact of Precipitation Characteristics and Parameters of the Runoff Hydrograph on the
Value of the Washout Coefficient

When the evaluation of the performance of technological facilities of stormwater
treatment plants (e.g., oil-derivative separators, settlement tanks of suspended solids) is
based on average values of pollutant indicators, it is not possible to optimize those facilities.
The most polluted first flush should be directed to them, whereas the remaining runoff
does not require that procedure. Polish legal regulations allow stormwater discharge
to a receiver without pre-treatment, if the concentration of total suspended solids and
oil-derivatives does not exceed 100 and 15 mg·dm−3, respectively. Consequently, the time
and manner of collecting samples becomes an issue of key importance. With respect to the
protection of a stormwater receiving body against pollution with, e.g., non-biodegradable
heavy metals, a reliable analysis of variation in the concentrations of individual pollutants
is required. More importantly, however, it is the magnitude of pollutant loads discharged
into the environment that counts. As a result, when modeling stormwater quality, it is
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necessary to precisely determine the variation range of washout coefficients because those
data affect the simulation reliability.

In the manuscript, precipitation depths were measured with a rain gauge. Average
rainfall intensity q = P/td was determined for individual rainfall events. The outflow
hydrograph volume was determined based on the measured flow values. The developed
model was validated for three rainfall events accounted for in 2021. In the first event
(p = 4.2 mm, td = 140 min, and Vc = 712 m3), in the second event (p = 6.0 mm, td = 100 min,
and Vc = 968 m3), and in the third event (p = 8.0 mm, td = 80 min, and Vc = 1208 m3), the
respective values of the washout coefficient (k) were obtained: 1.05, 0.50 and 0.22.

Exemplary pollutographs developed for Ni are shown in Figure 4. The pattern
of variation of the function was approximated by means of a power function and an
exponential function. The analysis of the figure and of the values of correlation coefficients
(R) indicates that Equation (6) describes the measured pattern of variation of the curve
F(x) = f (V/Vc) slightly better than Equation (5) M/Mc = f (V/Vc). In seven cases, calculations
performed for the remaining precipitation events demonstrated similar relationships both
for TSS and for the studied HMs. Values of the coefficients of determination ranged from
0.900 to 0.999 in cases when Equation (6) was used to describe the observed variation
F(x) = f (V/Vc) of the studied pollutants, and from 0.864 to 0.999 when this variation was
described by means of Equation (5).
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The analysis of equations shown in Figure 4 also indicates that the washout coefficient
(a) takes on positive values, whereas the coefficient (k) may take on both positive and
negative values. In this case, when k > 0, the first flush phenomenon occurs; that is, during
30% of the initial runoff volume, 80% of the total pollutant load is transported [60]. On the
contrary, when k < 0, the so-called last flush phenomenon is observed [60]. The range of
variation of washout coefficients (a and k) for the investigated pollution indicators can be
seen in Figure 5. The mean value of the washout coefficient (k) for HMs ranges from 0.10 to
0.60, whereas for TSS this value is higher and equals 1.08 (Figure 5a). The highest variation
in the coefficient k was found for Cd, whereas the lowest variation was identified for Zn.
With respect to the majority of the investigated trace elements, the washout coefficient
(k) takes on both positive and negative values. The only exception is found for Zn, in
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which case the minimum value of k equals 0.31. Regarding TSS, the minimum value of the
coefficient (k) is 0.036.

For most of the investigated HMs, the mean value of the washout coefficient (a) ranges
from 0.8 to 1.0, and is slightly higher than one only for Cd (1.06) (Figure 5b). With respect
to mineral pollutants, the coefficient (a) mean value is lower than that determined for HMs,
and equals 0.73. Figure 5b also demonstrates that the highest variation in the coefficient (a)
values for the analyzed metals was observed in the case of Ni (0.39–2.52), and the lowest
variation was observed for Cu (0.59–1.19).
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The occurrence of strong correlations between runoff hydrographs characteristics and
the values of pollutant washout coefficients indicates relationships holding between the
analyzed parameters. Correlations also provide valuable information on factors decisive for
the washout and transport of the pollutants studied, namely HMs and TSS. The analyses
demonstrate a strong correlation relationship between the washout coefficient for TSS
(kTSS) and the rainfall intensity. Additionally, the presence of a statistically significant
relationship for a p-value = 0.05 was observed between (kTSS) and total precipitation (P),
and also 10-min precipitation (Ptd=10) (Table 4). An increase in the precipitation intensity
is accompanied by an increase in the amount of stormwater flowing over the surface to
the drainage systems. This co-occurs with an increase in the flow capacity to transport
the grains of mineral suspended solids of specified sizes. Regarding the investigated
HMs, only a minor relationship was observed between the washout coefficient of Pb
(kPb) and the dry period length (tbd) (Table 4). The occurrence of significant regressive
relationships between the washout coefficient (a) and the precipitation characteristics, or
the parameters of the hydrograph shape, was not observed in any of the analyzed cases.
The lack of regressive relationships between the washout coefficients (a and k) for HMs
and the calculated characteristics of high water stages or precipitation may indicate that
other factors, not accounted for in the study, are involved. The presence of those factors,
including, among others, surface type and runoff path length, may affect the nature of this
phenomenon.

The values of the coefficients of correlation between individual parameters of rainfall
events and the resulting high water stages in the sewerage systems, and the calculated
pollutant washout coefficient (Table 4) and pollutant loads (Table 3), were found to be
low. The reason for this may lie in the fact that the studied catchment is nonhomogeneous
in character. The quality of stormwater may be affected by the mixing of stormwater
streams from individual side channels along the length of the main collector. These collect
stormwater from sub-catchments showing different types of land use. The results are
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confirmed by investigations for nonhomogeneous catchments reported in [6]. Regarding
homogeneous catchments, strong relationships are most often found to hold between pre-
cipitation dynamics and pollutant washout [18]. Consequently, it is necessary to continue
investigations concerning a catchment showing diversified characteristics. The goal would
be to validate the results obtained, and to develop universal relationships that could be
applicable in a wider context.

Table 4. The matrix of correlation between the analyzed parameters.

Variable kTSS kNi kCu kCr kZn kPb kCd

P −0.509 −0.289 −0.289 −0.333 −0.067 −0.067 0.022
td 0.409 −0.200 −0.067 −0.111 −0.200 −0.022 0.067

Ptd=10 −0.658 −0.257 0.029 0.086 0.371 −0.086 −0.143
q −0.773 −0.155 −0.067 0.067 0.244 0.156 −0.022

Qmax −0.309 0.155 0.155 0.200 0.111 0.022 −0.067
Vc 0.136 −0.066 −0.111 −0.067 0.022 0.111 0.378
tp 0.111 −0.363 −0.409 −0.272 −0.272 −0.182 0.182
tbd 0.382 −0.111 −0.155 −0.289 −0.022 −0.556 −0.289

Based on the data in Table 4, an attempt was made to approximate the values of the
washout coefficient for TSS (kTSS) according to Formula (7). When describing the variation
in the washout coefficient (kTSS), two parameters were used: q and Ptd=10, as the ones most
strongly correlated with the endogenous variable. On the basis of the data in Figure 6, it
was possible to estimate, with satisfactory accuracy, the values of the washout parameters
for TSS (kTSS). Additionally, the calculations demonstrated that empirical parameters
included in the equations kTSS = f(Ptd=10) and kTSS = f(q) are statistically significant for a
p-value = 0.05, and they explain 52% and 58% of the observed variation, respectively.
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Observations on statistically significant relationships between the washout coeffi-
cient for TSS and mean precipitation intensity and magnitude made by the authors are
congruent with the findings reported by Christian et al. (2007) [61]. In the latter study,
which concerned developed areas and a vehicle disassembly plant, an exponential function
was used to describe the relationship. A good fit was achieved. Chow and Yusop [62],
who investigated urban catchments, observed the presence of strong regressive relation-
ships between parameters describing the precipitation properties and the amount of TSS
discharged from the catchment surface. This indicates a possibility to describe the TSS
washout process as a function of precipitation parameters and, as a result, to determine the
load of suspended solids flowing into stormwater drainage systems. Information on the
quantity of suspended solids transported in high water stages is of crucial importance for
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the design of stormwater treatment plants. This translates into the protection of receiver
waters against pollution.

The calculations performed for the study refer to the catchment under analysis. They
should be extended substantially in order to determine general relationships. The latter
need to account for the characteristics of different urban catchments, and also precipitation
characteristics, including rainfall time distribution and intensity.

4. Conclusions

Calculations given in this paper indicate that the washout coefficient does not assume
a constant value. This is important when modeling the process of pollutant washout from
the land surface. In this context, Equation (6), which describes the pollutant distributions
in the catchment outflow hydrograph for long periods (1, 2, 5, . . . 30 years), is attributed
a different meaning. Formula (6), together with the stormwater outflow model, can be
used to analyze pollutant distributions in each precipitation event. This can provide a
basis when sizing the retention reservoir or stormwater treatment plant. These factors are
important for the catchment management, and the control of stormwater quality and its
impact on the receiver environment.

The calculations performed for this study demonstrated that, to describe the polluto-
graph M/Mc = f (V/Vc), it is possible to use a power function and an exponential function. It
is recommended to employ the latter, because, as discussed in the paper, the washout coeffi-
cient (k) depends on precipitation characteristics and parameters of the runoff hydrograph.

The mean value of the washout coefficient (k) for the examined HMs ranged between
0.10 and 0.60, and the highest variation was found for Cd, and the lowest for Zn. Regarding
TSS, the mean value of k coefficient was 1.08.

The mean value of the washout coefficient (a) for most HMs ranged from 0.8 to 1.0,
except for Cd (a = 1.06). With respect to TSS, the coefficient was 0.73. The highest (a)
coefficient variation was observed for Ni, and the lowest for Cu.

Making the washout coefficient dependent on precipitation data leads to improvement
in the congruence of the simulation results with measurements, when compared with the
majority of the models currently used. In the future, these findings may be relied on at the
stage of model development.

The distribution of rainfall intensity (q), and therefore the total amount of precipitation
(P) and 10-min rainfall (Ptd=10), affect the washout coefficient for TSS (kTSS) removed from
the analysed urban catchment area. It was shown that the value of the washout coefficient
for TSS (kTSS) was reduced with an increase in rainfall intensity q or Ptd=10.

As precipitation intensity increases, the shape of M/Mc = f (V/Vc) becomes closer to
the reference curve, resulting in the disappearance of the first flush phenomenon.

With respect to the analyzed HMs (Ni, Cu, Cr, Zn, Pb, and Cd), the only statistically
significant effect of the dry period on the washout coefficient was observed for Pb (kPb).
The remaining cases did not indicate an impact of precipitation characteristics, or the
parameters of the runoff hydrograph on the washout parameters for HMs.

The calculations reported in the study also imply a statistically significant effect of
surface runoff (Vc) on the load of washed out TSS, Ni, Cu, and Cd. Additionally, the 10-min
precipitation (Ptd=10) and the maximum flow rate (Qmax) have a statistically significant
impact on the load of Zn washed out of the surface of the catchment area.

The analyses confirmed the complex dynamics of HMs washout in the examined
catchment. For most cases, strong statistical relations were not found. That statement is not
equivalent to the fact that such relationships do not exist. However, it indicates the process
is highly non-linear in character. Consequently, it seems reasonable that further analyses
employing more advanced computational tools should be conducted.
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