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Abstract

In this study, a mathematical model was proposed to analyze the performance of storm over-
flows. The model included the influence of rainfall genesis on the duration of storm overflow,
its volume, and the maximum instantaneous flow. The multinomial logistic regression model,
which has not been used so far to model objects located in a stormwater system, was proposed
to simulate the duration of storm overflow. The Iman—Conover method, using the theoretical
cumulative distributions determined on the basis of 45 — year rainfall sequences, was adopted
to simulate the rainfall characteristics describing the overflow performance (total and maximum
30-min rainfall depth and duration). The simulations showed a significant impact of rainfall
genesis on the parameters of the storm overflow. The model and the results presented in this
study can be used at the stage of dimensioning storm overflows and to create an early warning
system against undesirable phenomena in the stormwater system within urban catchments.

Keywords Storm overflow - Multinomial logistic regression - Rainfall genesis - Iman—
conover method

1 Introduction

Storm overflows are important elements located in separate and combined sewer systems.

Stormwater discharges to receivers are a source of their pollution, because in the process of
surface runoff from the catchment area, they are supplied with different pollutants, such as:

P< Grzegorz Majewski

grzegorz_majewski @sggw.edu.pl

Kielce University of Technology, 7 Aleja Tysiaclecia Paristwa Polskiego St., 25-314 Kielce, Poland
Jan Kochanowski University, 7 Uniwersytecka St., 25-406 Kielce, Poland

Warsaw University of Life of Sciences, 166 Nowoursynowska St., 02-776 Warsaw, Poland

4 Gdarisk University of Technology, 11/12 Narutowicza St., 80-233 Gdarisk, Poland

5 The Main School of Fire Service, 52/54 Stowackiego St., 01-629 Warsaw, Poland

University of Naples Federico II, via Claudio 21, 80125 Naples, Italy

@ Springer


http://orcid.org/0000-0002-0122-1409
http://crossmark.crossref.org/dialog/?doi=10.1007/s11269-022-03223-z&domain=pdf

3700 B.Szelag et al.

suspension, heavy metals, pesticides, polycyclic aromatic hydrocarbons (PAHs). A asig-
nificant volume of stormwater during high-intensity rainfall leads to an increase in the flow
rate in receivers.

In order to reduce or eliminate the adverse impact of storm overflows on the receiver,
the basis for design of storm overflows is usually the limit average rainfall intensity, which
is necessary to determine the appropriate height of the overflow edge and its length (US
EPA 1995; Zabel et al. 2001). Verification of the correct location of the overflow edge is
carried out by analyzing its operation, as well as determining the annual number of storm
overflows, their volume, and the maximum instantaneous flow, over a period of one or sev-
eral years (DWA-A 118E 2006; Chen et al. 2013). To simulate the performance of storm
overflows in catchments, hydrodynamic models are usually used (Aryal et al. 2016; Yao
et al. 2021). In order to ensure the reliability of the results obtained by the model, detailed
information on the catchment area, as well as data on rainfall depth and flows have to be
collected for model calibration. The implementation of the above-mentioned models allows
for the analysis of the impact of modernization of the rainwater sewage system on the con-
ditions of its operation and selection of the optimal solutions (Jafari et al. 2020).

However, one of the few disadvantages with hydrodynamic models is that due to their
local nature, the results obtained with the use of this model cannot be applied to other
catchments. Therefore, statistical models are increasingly used to simulate stormwa-
ter systems and their components (including storm overflows) (Yao et al. 2021; Szelag
et al. 2020). Thorndahl and Willems (2008) and Grum and Aalderink (1999) developed
models simulating the volume of overflow in small urban catchments. Using the First-
Order Reliability Method (FORM), Thorndahl and Willems (2008) also developed a
model for predicting storm overflow, while in the second case, the analyses also included
stormwater quality. Among the statistical models simulating the storm overflow perfor-
mance, there are few studies where the duration of overflow was analyzed. The research
by Montserrat et al. (2015) showed a strong non-linear relationship between the depth
of rainfall and the duration of the overflow. However, the obtained value of the coeffi-
cient of determination (R2) ranged from 0.31-0.86, which confirmed the need for more
detailed studies. Despite numerous scientific works on storm overflows and attempts to
identify rainfall for their design using hydrodynamic models (Yang et al. 2020), a close
relationship between the type of rainfall (expressed in its genesis) and the conditions for
the operation of the storm overflow have not yet been established. Due to the high costs
of the created measurement systems (high-resolution measurements of rainfall depth with
implemented complex calculation algorithms for their simulation of the performance of
stormwater networks and their components), it seems advisable to look for simplified
solutions (Wu et al. 2021).

In this work, we present an innovative mathematical model that allows to analyze the
impact of meteorological conditions (rainfall characteristics, taking into account their gen-
esis) on the parameters of storm overflow performance (volume of storm overflows, their
duration, and maximum instantaneous flow). To simulate the duration of storm overflow, a
multinomial logistic regression model was used, which so far has not been used to model
the stormwater system. A synthetic rainfall generator was used to simulate meteorological
conditions, including the different genesis of rainfall (convective in the air mass, frontal or
rainfall in the convergence zone), based on theoretical density distributions derived from
45-year rainfall series.
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2 Material and Methods
2.1 Object of the Study

The analysis was based on a small urban catchment area (Fig. 1) located in the central
part of Poland, in the south-western part of the city of Kielce, with a population of
200,000 residents. The average population density in the analyzed catchment is 21.4
people-ha™!. The study area included housing estates, public utility buildings, and com-
munication. The catchment is dominated by urban green zones covering 47.2% of its
area while roads with parking lots and pavements and roofs of buildings occupy 37.3%
and 14.3% respectively. The highest point of the catchment area was 271.2 m above sea
level, while the lowest 260.0 m above sea level. The average decline in the area was
7.1%. The main sewer was 1569 m long and its diameter ranged from 600 to 1250 mm
(at the outlet).

The annual rainfall was 537-757 mm. The number of days with rainfall ranged from
155 to 266, and with snow from 36 to 84. The average annual air temperature ranged from
8.1 °C t0 9.6 °C. Stormwater outflow from the analyzed catchment to the Silnica River was
transferred through the S1 collector. Before entering the river, outflow is brought to the
stormwater treatment plant (STP) in the amount of Q=200 dm>s~!, where it is cleaned
of suspensions. When the level of stormwater in the diversion chamber (DC) exceeded a
height of 0.42 m, stormwater was discharged through the overflow (OV) to the discharge
channel (S2), through which it was directed to the receiver.

An MESI flowmeter was installed approximately 3 m from the S1 channel inlet to the
separation chamber, which measured the flow values with a resolution of 1 min during
intense rainfall events. Continuous monitoring of the volume of stormwater outflowing of
the catchment area showed that in dry weather its values ranged 0.001-0.011 m*s™!. As
part of the research carried out within the city of Kielce, indications of the rainfall station
(located 2.5 km from the catchment border) were also used, where continuous measure-
ments of rainfall have been carried out since 2008, with a resolution of 1 min.

S2 pcTov st

s < Silnica river

ROLAND Warsaw

°
Kidlee UKRAINE 0 250 500 m

Fig. 1 Diagram of the urban catchment area under study
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2.2 Rainfall Data

Data of rainfall were obtained from pluvial observations carried out at the meteorological
station in Kielce, which was part of the Polish Institute of Meteorology and Water Manage-
ment (IMGW-PIB) network, using a traditional float pluviograph in the warm half-year
(from May to October) in 1961-2005. A detailed description of rainfall data and basic rain-
fall data are provided in Supplementary Information.

2.3 Analysis of the Influence of Rainfall Genesis on the Storm Overflow
Performance

This work proposes an innovative methodology for analyzing the impact of rainfall genesis
on the performance parameters of a storm overflow (duration, volume, maximum instanta-
neous flow) in individual rainfall events. Figure 2 shows the flow-chart of the methodology.
The study also analyzed the impact of interaction of the duration of the storm overflow
with the genesis of rainfall on other parameters of the overflow. In the adopted approach,
the following rainfall types were distinguished — convective in the air mass, frontal (related
to the cold front zone and warm front), and rainfall in the convergence zone. The model
used an author’s (original) solution, based on multinomial logistic regression, to simulate
the duration of storm overflow. Due to the complex relationships between the duration
of a storm overflow and the characteristics of rainfall, classification variables describing
three main conditions, when no storm overflow occurred, the short and long-term of storm
overflow was introduced. The adopted method made it possible to analyze the diversified
impact of rainfall characteristics on the duration of the storm overflow, taking into account
the variability of its numerical values.

The influence of rainfall genesis and the duration of storm overflow on the operational
parameters of the storm overflow (volume and maximum instantaneous flow) were analyzed.

Measurement: Separation of independent
- ramfa‘:._ . e rainfall events (DWA A-118) Analysis of the impact of the rainfall origin
y ope(a lion of stormwater ove oW on the probability of the duration of the
(duration of overflow, volume, maximum stormwater overflow
instantaneous flow)
O Determination of the distribution of
. — empirical characteristics of rainfall . . . -
D of the t of considering the origin of the rainfall Analysis of the impact of rainfall origin
stormwater overflow operation (duration| and duration of the overflow on the volume
of overflow, volume, maximum of stormwater
instantaneous flow) G
D D the of the 2 . . o
Deterniation of sdeserdant varbies theoretical characteristics of rainfall Analysis of the impact of rainfall origin
ibing th P o f considering the origin of the rainfall and duration of the overflow on the
e op P of maximum instantaneous flow
a stormwater overflow G
Development of a rainfall generator using the Influence of the origin of the rainfall and
o Iman - Conover (IC) method considering the duration of the stormwater overflow on the
D %hg model of. origin of rainfall average rainfall intensity (i)
logistic regression
Determination of empirical models for U of the origin of the rainfall and the
Qm (maximum instantaneous flow) E T duration of the stormwater overflow on the
and V (storm overflow volume) prediction € of rainfall char n heterogeneity of the rainfall distribution in
individual rainfall events by means of a rainfall the event
generator

Fig.2 Algorithm for determining the parameters of the overflow performance, including the genesis of
rainfall and duration of storm overflow
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In the presented approach, the variability of rainfall characteristics was identified along with
the duration of storm overflow. The presented solution, on the one hand, is a simplification
of the methodology of modeling the duration of a storm overflow (hydrodynamic models);
on the other hand, it makes it possible to build an expert system that allows assess the per-
formance of a storm overflow only on the basis of the established genesis of rainfall. The
Supplementary Information explains the computational steps of the algorithm in Fig. 1.

2.3.1 Separation of Independent Rainfall Events

The DWA-A 118E (2006) guidelines were used to distinguish independent rainfall events
in rainfall time series. In the adopted approach, the inter-event time separating two inde-
pendent rainfall events was 4 h. Rainfall of at least 3.0 mm was assumed for the calcula-
tions, which was the basis for identification of the rainfall event. The adopted solution was
used in the works of other authors dealing stormwater flooding modeling (Fu et al. 2011),
or the performance of storm overflows (Szelag et al. 2020).

2.4 Rainfall Simulation
2.4.1 Determination of Rainfall Characteristics in Independent Rainfall Events

For the separated rainfall events in the time series, the following characteristics were
determined: total rainfall depth (P,), duration of rainfall (¢,), maximum 20-min rainfall
depth (P,_,,) and maximum 30-min rainfall depth (P,_;,). The relationship between the
selected rainfall characteristics and storm overflow volume (V) and maximum instantane-
ous flow (Q,,) has been analyzed by many authors (Grum and Aalderink 1999; Thorndahl
and Willems 2008). Moreover, in the case of the discharge duration, the dependency is
more complex, as confirmed by previous works (Wei et al. 2019).

2.4.2 Determination of Theoretical Cumulative Distribution of Rainfall Characteristics

Based on the determined rainfall characteristics (P,, P,_,), P,—3p. and t,), the empirical
cumulative distribution functions for the separated rainfall events were determined. The
cumulative distribution function was determined assuming the division of rainfall data
taking into account the rainfall genesis, i.e., convective rainfall (f.<150 min), frontal I
— related to the cold front (¢, € (150, 270 min), frontal II — related to the warm front (z,
€ (270, 630 min), and rainfall in the convergence zone (f.>630 min). In the next step,
the probability density functions described in the literature (Adams and Papa 2000) were
adapted to these data. To obtain the best fit between the theoretical and empirical data, sev-
eral distributions were tested: log-normal, gamma, Weibull, Frechet, Gumbel (Adams and
Papa 2000). The X2 and Kolmogorov—Smirnov (KS) tests were used to assess the compli-
ance of the empirical and theoretical distribution (Adams and Papa 2000).

2.4.3 Modeling of Synthetic Rainfall Series
The Monte-Carlo (MC) method was used to model the rainfall characteristics in individual

rainfall events, constituting synthetic time series. The analyzed variables can be correlated,
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which was confirmed by many publications (e.g., Wu and Tsang 2004). Therefore, the
Iman—Conover (IC) algorithm (Iman and Conover 1982) was used in computational exper-
iments. In this method, the variability of the analyzed variables was expressed by theo-
retical marginal distributions; a measure of this relationship was the Spearman correlation
coefficient. A detailed description of the subsequent steps of the algorithm development
were provided in the Supplementary Information.

2.4.4 Empirical Models for Simulating the Performance Parameters of a Storm Overflow

To determine the storm overflow volume and maximum instantaneous flow, the measure-
ment data showing the course of the storm overflow from 2015-2017 were used to select
(for separate, independent rainfall events) empirical prediction models (Szelag et al. 2018):

— storm overflow volume (V)

V =283.12(+7.83) - P,_y, — 604.21(+88.35) R =0.90 (1)

— maximum instantaneous flow (Q,,)

268.12(+14.93) - (P,_3) — 2.01(x0.13))
14 0.066(0.009) - (P,_s, — 2.01(£0.13))

R*=0.89 2)

m

2.4.5 Multinomial Logistic Regression

Multinomial Logistic Regression (MLR) is a modification of the binomial logit model.
In the classical model, the simulation results are divided into two groups, in which the
probability of an event or its absence was identified (Hosmer et al. 2013). In the case of a
multinomial model, the simulation results were divided into N classes (also called levels).
Despite numerous implementations, it has not been used in modeling objects/elements of
stormwater networks so far. In the MLR model, the output data for the operation of the
storm overflow can be divided into several groups simultaneously, i.e., there was no storm
overflow (2), the duration of storm overflow did not exceed the time limit (1) and the dura-
tion of storm overflow exceeded the limit (0). In the MLR model, the probability of over-
flow duration, for example, at three levels is described by the equations:

voo exp(ﬂm + Zf:l Bii 'Xi> exp(X,)
p(Y =0)= -
1+ exp(ﬂlo + Zf:l By .x[> + exP(‘HZO + 2;;1 b .xi> 1+ exP(X1> " exp(XZ)
3)
k
- exp(ﬂzo + i1 Boi 'xi> exp(X;)
pir=1)= B
1 +exp<ﬂ10 + Zle B 'X,‘> + exp<ﬁ20 + Zj;l Bo; -x,—) 1+ exp(X;) +exp(X;)
€]
1 1
pY=2)= -
1 +exp<ﬂ10 + 25;1 By .xl.) + exp(ﬂzo + 2?:1 By .xi> 1+ exP(X1> + exP(Xz)
Q)
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where Y=2 is the event when storm overflow not occurred, Y=1 is the event describing
storm overflow with a duration 7,, € (0,1,,,), Y=0 is the event describing storm over-
flow with a duration ¢,,>1,,,. For the model determination, 3 cases were assumed (no
overflow—inflow of polluted stormwater to the treatment plant; discharge of stormwater
by overflow and inflow to the treatment plant, which corresponds to t,,=(0;75 min>;
stormwater outflow to the receiver having a negligible impact on the contamination of
the receiver—t,, >75 min. The results of field studies of 10 storm overflows carried out
by Ciupa (2009) in the catchments of the Silnica River confirmed that for the discharge
time with an overflow longer than 75 min, the values of the suspended solids concentra-
tions in the effluent from the catchment did not exceed 20 mg/L. Similar relationships have
been found by Goérska (2012) based on the analysis of 10 rainfall events with stormwater
overflow.

To evaluate the predictive capacity of the designated MLR model, the results of meas-
urements of storm overflow performance over the period of 2015-2017 were used. They
included a total of 140 rainfall events, of which 64 were storm overflow. The duration of
storm overflow in the analyzed rainfall events ranged from 6 to 528 min.

2.4.6 Analysis of the Impact of Rainfall Genesis on Overflow Operation Parameters
and Rainfall Characteristics in a Single Event

As part of the conducted analyses, the parameters of storm overflow performance (storm
overflow volume, maximum instantaneous flow, and duration of storm overflow) were
determined as dependent on the genesis of rainfall (convective in the air mass, frontal in
the cold front zone, frontal associated with the warm front, or rainfall in the convergence
zone). For this purpose, the models presented in the sections: Sects. 2.4.4 and 3.2 were
used to analyse the influence of the rainfall genesis and the duration of storm overflow on
the variability of the overflow parameters (V, Q,,). Average values of the overflow perfor-
mance parameters (storm overflow volume — E(V), maximum instantaneous flow — E(Q,,),
probability of the duration of storm overflow — E(p,, ,),) were determined using the formu-
las presented in Supplementary Information.

2.4.7 SWMM Hydrodynamic Model and MLR Verification

To verify the simulation with the MLR model, a calibrated hydrodynamic model of the
analyzed urban catchment with a storm overflow was used, developed with the SWMM
5.0 (Storm Water Management Model) program. The catchment area was 62 ha, while the
sub-catchment area ranged from 0.12 ha to 2.10 ha. The number of nodes was 80, and the
number of pipes was 72. The retention of the catchment areas was 2.5 mm, and that of the
unsealed areas were 6.0 mm. The Manning roughness coefficient of the pervious areas was
0.025 m~'-s and 0.25 m~"-s for the impervious areas. The Manning channel roughness
coefficient was 0.018 m~'?-s.

The subject model of the catchment area has been used to simulate the runoff of storm-
water, its quality and the dimensioning of the retention reservoirs. Model was calibrated with
the deterministic and probabilistic Generalized Likelihood Uncertainty + Global Sensitivity
Analysis (GLUE + GSA) method. On the basis of the discussed model (catchment — diversion
chamber — storm overflow), probabilistic models were verified for prediction the storm over-
flow volume and maximum instantaneous flow (Szelag et al. 2018).
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2.4.8 Verification of Calculation Results with a Mathematical Model

In order to verify the calculations (average values) of the probability of the duration of
storm overflow, storm overflow volume and maximum instantaneous flow, continuous sim-
ulations of the overflow operation were carried out based on a 45-year rainfall series, by
calibrated hydrodynamic model of the catchment and storm overflow, developed with the
SWMM program, was used.

3 Results
3.1 Duration of Storm Overflow

Based on the obtained measurements, it was found that the average value of the storm over-
flow duration in the analyzed rainfall events was 75 min (50% percentile), while the 5%
and 95% percentile values were 11 min and 240 min, respectively (Szelag et al. 2018). The
values of the maximum instantaneous flows (Q,,) were 0.01-2.50 m>-s~!, while the average
value was 0.87 m>s~!. The storm overflow volume was 5-23,008 m>, and the average was
1801 m®. As part of the analyses, three levels were introduced to determine the MLR model
using the measurement data, i.e., storm overflow not occurred (z,,=0), duration of storm
overflow equal of ¢, €(0, 75 min, and duration of storm overflow equal of 7,,>75 min.

ov

3.2 Multinomial Logistic Regression

The MLR model was developed on the basis of rainfall measurement data and performance
of the storm overflow from 2015-2017. Equations (6) and (7) were obtained to determine
the probability of: storm overflow not occurred, duration of storm overflow ¢, €(0, 75 min,
and duration of storm overflow #,,>75 min, described as:

X, =0.467(x0.012) - P, + 1.725(+0.034) - P,_5, — 0.0022(%0.0004) - ¢, — 8.398(+0.956)
(6)

X, = 0.257(+0.018) - P, + 1.824(+0.024) - P,_5, — 0.0001(%0.00002) - ¢, — 6.967(+0.426)
(N
The calculations showed that in the analyzed time intervals ¢, the rainfall depth had
a diversified impact on the probability of the duration of storm overflow. P,_,, had no
statistically significant effect on the duration of storm overflow (p-value was greater
than 0.05). The obtained MLR models were characterized by high predictive abilities.
In the case of the models described by Eqgs. (3), (5), (6) and (7), the following results
were obtained: for 75 episodes of storm overflow did not occur, the results of MLR cal-
culations were consistent with the measurements in 71 events (SENS =91.78%); for 40
events when the duration of storm overflow z,,€ (0, 75 min, the calculation results were
consistent with the measurements for 37 rainfall events (SENS=92.15%); and for 24
rainfall events when #,,> 75 min, the MLR simulation results were consistent with the
measurements for 23 rainfall events. Out of 140 rainfall events, the calculation results
obtained using the MLR model were consistent with 85.2% of the measurement results.
The validation included 10 rainfall events. Field studies and simulations showed that
storm overflow did not occur in three of them. In four events, measurements confirmed
that 7, €(0, 75 min and calculations by the MLR model showed that t , in this range

@ Springer



Application of Multinomial Logistic Regression to Model the... 3707

fitted three episodes. Of the three episodes where 7,,> 75 min, two cases were consistent
with the measured data. The results obtained in this manner confirm the possibility of
using an MLR to model the duration of storm overflow. Examples of logit curves deter-
mined by using Eqs. (3)—(7) are shown in Fig. 3. The analysis of the curves shows that
both P, and P,_3, have a significant impact on the probability of duration of storm over-
flow in the range of 0 min to ¢,, €(0, 75 min and ¢,,>75 min. The significant influence
of the total rainfall depth on the CSO (Combined Sewer Overflow) duration was con-
firmed by the results of the analyses of Fortier and Mailhot (2015), who they developed
a mathematical model for calculating the duration of a combined sewer on the basis of
the measurement results of the CSO. However, the results of the calculations based on
the database of 30 overflows showed that the obtained R’ values ranged from 0.10-0.63.
This may indicate that their model did not include all the significant independent vari-
ables influencing the duration of storm overflow.

With regard to the curves illustrating the probability of the duration of storm over-
flow t,, €(0,75 min, it was found that p values increased with increasing rainfall depth
(P,). Regarding the curves illustrating the probability of the duration of storm overflow
t,,> 75 min, it was shown that an increase in rainfall depth to an appropriate extent leads to
an increase in the p-value. Once it is achieved, a further increase in the P, value leads to a
decrease in the probability of no occurrence of storm overflow and duration of storm over-
flow ¢,,>75 min. The above results illustrate the variability of the probability of an event
eccurence in relation to all analyzed levels (storm overflow not occurred, duration of storm
overflow up to 75 min, and above 75 min), which is a significant advantage of the MLR

1.0
09 —+ T
0.8 —+
0.7 + ——Pt=30 =2.0 mm; toy =0 min
~~~~~~ Pt=30 =2.0 mm; t oy = 0-75 min
06 — Pt=30 =2.0 mm; toy >75 min
——Pt=30 =2.5mm; toy =0 min
ads+ N O\ V.S e P1=30 =2.5 mm; toy = 0-75 min
04 — P¢=30 =2.5 mm; toy >75 min
’ ——Pt=30 =3.0mm; toy =0 min
034" NS —==x"~\w | Pt=30 =3.0 mm; toy = 0-75 min
— Pt=30 =3.0mm; toy >75min
0.2 +
0.1 +.
0.0
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 225 25.0

P [mm]

Fig.3 Impact of total rainfall depth (P,) and maximum 30-min rainfall in the event (P,_3,) on the probabil-
ity the duration of storm overflow (p)
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model. This allows for a detailed analysis of the overflow operating conditions in relation
to the duration of storm overflow depending on the value of the rainfall characteristics.

3.3 Verification of the MLR Model Using SWMM

The results obtained with the MLR model were compared with the measurement data and
simulation results obtained with a calibrated hydrodynamic model of the catchment area
(SWMM). Cases where there was no storm overflow were compared, and the duration of
storm overflow was equal #,, €0, 75 min and #,,>75 min (Table S1 in Supplementary
Information). Based on these data, it can be concluded that the MLR model is character-
ized by high predictive abilities, which is confirmed by the high convergence of the meas-
urement and simulation results (SWMM and MLR) of the storm overflow in 2015-2017.
The difference of the simulation results between MLR and measurements did not exceed
two overflows in consecutive years.

3.4 Identification of Empirical and Theoretical Distributions of Rainfall Characteristics

Based on the results of the polynomial logistic regression models, empirical distribu-
tions were determined, and theoretical distributions were adjusted to them. The results of
the analyses and the obtained parameters of theoretical distributions in relation to rain-
fall depth (P,) and its duration (z,) were given in the previous study (Szelag et al. 2020).
Table S2 (Supplementary Information) presents the optimal theoretical distributions, their
parameters, and the results of the Kolmogorov—Smirnov (KS) and y? tests. The calculation
results (p-value) for other statistical distributions (Frechet, Gumbel, Weibull, gamma) are
given in Table S3 (Supplementary Information). The high adjustment of the theoretical dis-
tributions to the empirical data allowed for the calculations of the rainfall characteristics in
events, which was confirmed by the results of the K-S and j° statistical tests (as indicated
by the calculated values of the test probability (p-value)).

3.5 Impact of Rainfall Genesis on the Probability of Duration of Storm Overflow

On the basis of theoretical distributions (Table S3 in SI) and the Iman—Conover method,
sampling (10,000) of rainfall characteristics (P,, P,3y, t,) was performed. The simulation
results were replaced with Eqgs. (3), (5), (6) and (7) and the probability p in the rainfall
event was determined. The simulations included three cases: when there was no storm
overflow (z,,=0), duration of storm overflow of ¢,, € (0, 75 min), and duration od storm
overflow of storm overflow of 75 min (t,,>75 min). The results of the calculations are
shown in Fig. 4. They were compared with the calculations in which the genesis of rainfall
was omitted. Based on the calculations and determined curves (Fig. 4), it can be concluded
that in the absence of a storm overflow, the highest possibility of exceeding the probability
of no storm overflow for the 50% percentile was obtained for long-term rainfall associ-
ated with convergence zones (0.58). A clearly lower probability was found for frontal rain-
fall (frontal I — cold front: 0.28 and frontal II — warm front: 0.16), and a significantly low
probability was obtained for short-term convective rainfall in the air mass (0.0001). The
results of the simulation, in which the genesis of rainfall was omitted, gave the probability
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Fig.4 Impact of rainfall genesis (convective in the air mass, frontal, and rainfall in the convergence zone)
on the probability of storm overflow duration

of no storm overflow at the level of 43% for the 50% percentile. The calculation results
obtained in two groups, #,, €0, 75 min and ¢,,>75 min, deserve special attention. In the
first group, for the 50% percentile, the highest probability of the storm overflow occurrence
was obtained for the rainfall in the convergence zone (0.58).

The omitting genesis resulted in a percentile value of 0.19. For storm overflow with
durations longer than 7,,>75 min, the highest percentile values were obtained for convec-
tive rainfall in the air mass (0.44) and rainfall related to the cold front (frontal I — 0.23).
The probability of the duration of storm overflow (50% percentiles) obtained MLR model
showed a good agreement with those of the calibrated hydrodynamic model of the catch-
ment area (Fig. 4); this confirms that the model can be used in operation. It has been shown
that duration of storm overflow is important for the performance of storm overflow con-
struction (high and length of the overflow edge). In conjunction with the genesis of rain-
fall, it provided important information about function of the storm overflow for various
rainfall conditions, which can be used to analyze the performance of a storm overflow and
to design the height and length of its edge. Jean et al. (2018) made an attempt to select
rainfall characteristics for the design of the overflow, by the use a calibrated model of a
410 ha urban catchment area in the province of Québec (Canada) to simulate the opera-
tion of the storm overflow. They used three approaches to model overflows: continuous
simulations, separate independent rainfall events and IDF (Intensity—Duration—-Frequency)
curves. However, they did not establish explicit results, which could have resulted from the
failure to take into account rainfall genesis in the analysis.
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3.6 Impact of Genesis and Duration of Storm Overflow on the Volume
and Maximum Instantaneous Flow

Following the computational algorithm (Fig. 2) and based on the obtained empirical mod-
els described by Egs. (3)-(7), the maximum instantaneous flow and the storm overflow
volume were determined. At the same time, rainfall genesis and duration of storm overflow
were taken into account. The results of the calculations were presented in Fig. 5. Based
on the analysis of the curves, it can be concluded that when modeling the parameters of
the storm overflow, both the rainfall genesis and duration of storm overflow are important.
The maximum instantaneous flow and storm overflow volume obtained for the calculation
were Q,,=0.55 m>s~! and V=628 m°, respectively, when all rainfall events were taken
into account, excluding the genesis, for the 50% percentile. Considering the genesis of rain-
fall phenomena leads to a significant differentiation of the obtained percentile values. The
highest values of the maximum instantaneous flow and storm overflow volume (50% per-
centile) were obtained for convective rainfall 9, =1.03 m*s™! and V=1422 m?, and the
lowest for rainfall in the convergence zones Q, =0.41 m®s™! and V=442 m>. The calcula-
tion results for the maximum instantaneous flow and storm overflow volume (50% percen-
tile) for convective rainfall in the air mass and in the cold front zone (frontal I) are greater
than their counterparts when the rainfall genesis is omitted.

It is worth noting that the calculation results of the maximum instantaneous flow and
storm overflow volume (50% percentile), omitting the rainfall genesis, differ by no more
than 3% from the results of Q,, and V when the duration of storm overflow is longer than
75 min. The simulation results of the maximum instantaneous flow and storm overflow
volume (50% percentile), obtained assuming a shorter duration of storm overflow (up to
75 min) for frontal rainfall (frontal I and frontal IT) and rainfall in the convergence zone,
differ by no more than 5% of the results of Q,, and V calculations, taking into account the
genesis of rainfall. The calculated values of the maximum instantaneous flow and storm
overflow volume obtained for convective rainfall z,,€ (0, 75 min, when only the genesis of
rainfall is included, are higher than the simulation results of Q,, and V by 20% and 37%,
respectively.

Relating the obtained results to the aspects of designing the storm overflow, it can be
stated that for convective and frontal rainfall, the obtained Q,, and V values are greater
than those obtained without considering the genesis. An effort to determine the impact of
the rainfall genesis on the volume of the storm overflow in the Beargrass Creek catchment
area located in Louisville (USA) was demonstrated by Hyun et al. (2016). The conditions
of rainfall formation in this region (humid subtropical climate) and the assumed types of
rainfall (e.g. tropical convective rainfall and east cool strati form rainfall) are different from
those defined in Central Europe (Szelag et al. 2020). Their analyses were not aimed at
developing relationships between the genesis of rainfall and certain parameters of the over-
flow performance, thus were limited to determining only simple relationships. Although
the genesis of rainfall has a significant impact on the parameters of the stormwater system
performance, including the facilities located on it, it has been neglected in most studies. In
the context of the results obtained in the study, this led to an underestimation of calcula-
tion values of storm overflow volume, instantaneous flows in rainfall events in probabilistic
models (Grum and Aalderink 1999; Szelag et al. 2018). It also resulted in an underestima-
tion of the amount of pollutants transported in the watercourse (mineral suspensions, heavy
metals, etc.), which was modelled omitting the genesis by Grum and Aalderink (1999).
High-intensity of rainfall events (convective, frontal I) may lead to local flooding and
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Fig.5 Empirical distributions describing the probability of exceeding the maximum instantaneous flows — Q,, (a)
and storm overflow volume — V (b) depending on the duration of storm overflow and genesis of the rainfall
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bottom destabilization, and they may also have a negative impact on the living conditions
of aquatic plants, invertebrates, and fish.

Taking into account the negative impact of storm overflows on the environment and the
obtained results of calculations (Figs. 4 and 5), it seems advisable to modify the method-
ology of designing the height of the storm overflow edge and optimize its length, which
should reduce the volume and maximum instantaneous flow directly to the receiver. How-
ever, this requires taking into account in the calculations other factors, such as the genesis
of rainfall. To confirm this, further detailed analyses on urban catchments with physical
and geographical characteristics other than those considered in the paper should be carried
out.

4 Conclusions

The calculations and simulations presented in this paper showed that the MLR model can
be used to model the duration of storm overflow. The conducted analyses showed that the
duration of storm overflow is influenced by the total and maximum 30-min rainfall depth in
a rainfall event, and the rainfall duration.

It was found that the genesis of rainfall has a significant impact on the parameters of the
storm overflow (duration, volume, and maximum instantaneous flow). The highest storm
overflow volume and maximum instantaneous flow were obtained for convective rainfall,
while the lowest for low rainfall. Moreover, omitting the genesis of rainfall leads to the
underestimation of the modeled maximum instantaneous flows and the storm overflow vol-
ume, compared with the calculation results obtained for convective rainfall in the air mass
and frontal rainfall related to the cold front (frontal I). Higher values of the modeled storm
overflow volume and maximum instantaneous flows were obtained for duration of storm
overflow shorter than 75 min than those longer than 75 min.

It is advisable to take into account the genesis of rainfall when designing the edge of
the storm overflow, which result in a reduction in the storm overflow volume, maximum
instantaneous flow and have a significant effect on the receiver conditions. Considering
the large diversity of parameters of storm overflow performance caused by rainfall of vari-
ous genesis, further analyses are recommended to develop early warning systems against
threats, such as overflows of reservoirs and flooding, in small urban catchments.
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