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Abstract

This paper presents a probabilistic methodology that allows the study of the interactions
between changes in rainfall dynamics and impervious areas in urban catchment on a long- and
short-term basis. The proposed probabilistic model predict future storm overflows while
taking into account the dynamics of changes in impervious areas and rainfall. In this model, a
logistic regression method was used to simulate overflow resulting from precipitation events
based on average rainfall intensity and impervious area. The adopted approach is universal (as
it can be used in other urban catchments) and is a significant simplification of classic
solutions; a hydrodynamic model is used to analyse the operation of the overflow. For the
rainfall simulations, a rainfall generator based on the Monte Carlo method was used. In this
method, a modification that allows the simulation of changes taking place in rainfall
dynamics, including the effects of climate change, was introduced. This method provides the
opportunity to expand and modify probabilistic models in which outflow from the catchment
is modelled to predict the functioning of reservoirs and to design sewer networks that have the
ability to deal with future rainfall dynamics, including moderate, strong, and violent
downpours according to the Sumner scale.

To verify the simulation results with a probabilistic model, an innovative concept using a
hydrodynamic model was considered. This verification considers the changes in the
impervious area in the period covered by the simulations and is limited using standard
calculation procedures.

In practice, the model presented in this work creates opportunities for defining the concept of
sustainable development in urban catchments while taking into account the factors mentioned
above. From the perspective of landscaping, this is important because it creates the
opportunity to limit the impacts of climate change and area urbanization on the receiving

waters.

Keywords: logistic regression, storm overflow, probabilistic model, urbanization, rainfall

dynamics, sustainability.
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1. Introduction

Storm overflows constitute important objects in sewage networks. Based on the main
conditions of overflows, including the discharge volume, maximum flow, pollution load and
the yearly number of storm overflows, it can be determined whether a studied sewage system
operates correctly or requires modernization (Fortier and Malhot, 2015; Tavakol-Davani et
al., 2016; Jean et al., 2018). In this case, it is necessary to compare the resulting (determined
by measurements) number of storm overflows with their number specified in legal acts and
industrial documents. The precise determination of the number of storm overflows and their
variation serves an important function since it can be one of the factors upon which the
selection of an optimal pattern for the modernisation of a sewage network is based (DWA-M
180E). In numerous cases, modernisation of stormwater management systems is associated
with high expenses. It is therefore necessary to optimise the selection of adopted solutions
that are already at the design stage of sewage network conversions to achieve the pursued
ecological effect (McGrane, 2016; Liu et al., 2017; Zhang et al., 2018).

Assessments of the impacts of adopted sewage network solutions on changes in the number of
overflows and the operating conditions of storm overflows are performed using
hydrodynamic models (Kleidorfer et al., 2009; McGrane, 2016). Models constitute a useful
tool when analysing the operations of sewage networks, but their construction requires a
database containing the characteristics of the catchment area and the drainage network as well
as measurements of precipitation and flows (with a high temporal resolution). Despite this,
these models have a local nature; the cost of their preparation is high, and the results of model
simulations do not always correspond to measured data (Elliott and Trowsdale, 2007;
Thorndahl and Willems, 2008; Jean et al., 2019). However, access to universal tools that can
be used for urban catchment areas with diverse physical-geographical characteristics without

the need for model calibration is currently limited. This represents a current problem since
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there is a high demand for tools that enable quick analyses of the actions of stormwater
drainage systems during the concept formulation stage spatial development in urban areas.
Because of this, attempts have been made to construct models that simulate the operations of
sewage networks (storm overflows and sewer overflows) and could be used for various
catchment areas. Such analyses are presented by Szelag et al. (2018), who suggest a universal
model for simulating the operations of storm overflows. However, these results have not been
confirmed by the performance of continuous simulations. Interesting analyses were presented
by Thorndahl and Willems (2008) and Grum and Aalderink (1999), who developed empirical
models for predicting storm overflow, along with Espino et al. (2018), who presented the
possibility of applying logistic regression to sewer overflow simulations. Nonetheless, the
determined relationships presented by these and other researchers (Kleidorfer et al., 2009;
Gironas et al., 2010; Fu and Kapelan, 2013) had local nature; therefore, it was not possible to
apply them to other catchment areas.

To enable the assessment of storm overflow operations, it is necessary to perform continuous
simulations, which require multiannual precipitation data. However, studies performed by
numerous teams of scientists indicate that the dynamics of precipitation (frequency,
magnitude, intensity) varies as a result of climate change (Wu et al., 2013). This is why, at the
stage of sewage network simulations, it seems appropriate to present the impacts of changes
in rainfall dynamics on the operations of sewage networks over consecutive years. This is
very important, as it allows the optimal selection of a sustainable development concept for a
given catchment area (Huong and Pathirana, 2013; Kirshen et al., 2014). However, the
construction of a model for simulating rainfall variations caused by climate change is a
complicated task that requires the implementation of complex numerical algorithms (Boyle,
1998; Sharma et al., 2007). In engineering considerations, this task is difficult to perform,;

therefore, the need arises for the development of a simplified methodology. Precipitation data
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acquired by means of climatic models (CGM, LGM, etc.) constitute input information
necessary for continuous simulations (Gironas et al., 2010; Arnell, 2011; Arnbjerg-Nielsen et
al., 2013). The produced results of the simulations are significant from a practical point of
view in terms of the modernisation of sewage networks with the consideration of climate
change. However, in the abovementioned approach, some authors (Adams and Papa, 2000;
Kleidorfer et al., 2009) usually apply limited considerations of changes in impervious areas.
Additionally, in numerous analyses, the dynamics of changes in the impervious of a
catchment in the long term is considered within a limited scope.

Due to the above, it is appropriate to develop a computational methodology that allows the
simultaneous analyses of the impacts of changes in rainfall dynamics (in the long and short
term) and the dynamics of urbanisation, and the yielded results should be characterised by
strong compliance with theoretical data. In terms of land development plans for cities, it
seems desirable to make an attempt aimed at the development of an optimal concept for the
urbanisation of catchment areas in a manner in which negative impacts on the receiving
waters are as limited as possible while considering the nature of rainfall, i.e., to minimise the
number of storm overflows affecting the heavy pollution of receiving waters. This paper
presents a concept of the construction of a probabilistic model for simulating the number of
storm overflows (in a short- and long-term approach) while not only incorporating the
dynamics of changes in rainfall intensity in the consecutive years covered by the simulations
but also allowing an analysis of this phenomenon considering the progressing urbanisation of
the catchment area. This paper also presents a research methodology allowing optimisation of
the concept of sustainable development of a catchment area, involving the limitation of the
number of storm overflows and taking into account the variable dynamics of rainfall. This
study presents two parallel approaches, i.e., simulation of the number of storm overflows

determined by a mathematical model (considering changes in rainfall dynamics in a
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multiannual approach and changes in the impervious area of the catchment) and the
comparisons among these simulations and calculations using a calibrated hydrodynamic

model.

2. Study area

The research area comprises an urban catchment area covering 62 ha located in the south-
eastern part of Kielce city (Fig. 1). The city is located in the southern part of Poland and is the
capital of Swietokrzyskie Province. It occupies an area of 109 km?. The average population
density is 17.9 people-ha™!. The highest point in the catchment area is at an elevation of
271.20 m a.s.l., and the lowest point is at 260.00 m a.s.l. The average slope of the land in the
catchment area is 7.1%. Within the catchment area, there are housing estates, public utility
buildings and a network of roads with a density of 108 m-ha!. Over the last 10 years (2009-
2019), there was visible intensification of urbanisation processes in the studied catchment
area, which caused an increase in the share of impervious areas (Imp) from 33% to 55% (in
the period 2009-2011, the impervious areas changed from Imp = 33% to Imp = 38%, while in
2014 it reached the value of Imp = 41% — Appendix A). The roofs of buildings currently
occupy 16.5% of the whole catchment area, and 17.7% of the whole area is covered by roads,
12.2% by parking areas and 8.6% by pavement. The remaining portion of the catchment area
(45%) is covered by urban greenery.

This paper analyses a separate storm sewer system. Only treated stormwater is delivered by
the S1 storm sewer to the Silnica River. The main canal, with a diameter of ¢ 600-1250 mm,
has a length of 1569 m, and its gradient ranges from 0.04% to 3.90%. This sewer collects
stormwater from approximately a side sewers (¢ 300-1000 mm) (Fig. 1), the slope of which
do not exceed 2.61%. The total length of the drainage network is 11,375 m. The volume of

the sewers and drainage manholes is 2032 m>. Stormwater from the catchment area is
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discharged via the S1 sewer to a stormwater treatment plant (STP) by means of a flow divider
(DC). When the level of stormwater in the DC is lower than hmin = 0.42 m, their entirety flows
to the STP. In contrast, when the level of stormwater exceeds the value of hmin, a storm
overflow (OV) occurs, and a portion of the stormwater is delivered directly (without

treatment) to the the Silnica River.

cope A
‘‘‘‘‘‘ Pﬂb‘"‘:’?lh. -
o
l - STP
MES-2 MES-1
- Sl
DC
A oV
——— main channel
—==- Side channel
waterched
impervious area in 2019
o diversion chamber 0 150
—_—

Fig. 1. Study area.

In the analysed urban catchment area, continuous measurements of flows and filling levels
were performed in the years 2009-2011 by means of an MES-1 flow metre installed in the S1
sewer at a distance of 3.0 m from the DC. The flow metre measures the flow and filling level
with a resolution of 1 minute. The probe of the flow metre measures the level (by measuring
the water level pressure) and average flow rate of stormwater (via the Doppler effect), which,
with the specific shape and dimensions of the canal, allow the calculation (by means of a
built-in microprocessor) of the volumetric flow rate of the stormwater. Moreover, in 2015,
another MES-2-type flow metre was installed in the sewer downstream of the storm overflow.
An analysis of the collected measurement data (from 2008-2017) demonstrated that the
annual rainfall depth varied within a range of 537-757 mm, and the number of rainy days

ranged from 155 to 266. The length of the dry period was 0.16-60 days. Moreover, it was
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concluded that storms occurred 27-47 times a year. The average annual air temperature in the
studied period was 8.1-9.6 °C, and the number of days with snowfall ranged from 36 to 84. At
the same time, an analysis of the flow measurement data recorded by means of the MES-1
flow metre demonstrated that the momentary flow rate of stormwater in dry periods ranged

from 1 to 9 L-s!, which indicated the occurrence of infiltration in the studied sewer network.

3. Methodology of research
3.1. The model of overflow operations, taking into account climate changes and
urbanisation of the catchment area

The impact of the intensity of rainfall and the progressing urbanisation of the catchment area

in ¢ consecutive years on the occurrence of storm overflows can be described by the following

relationships:

[P1, Py, Ps, oo, Pyt e, [Py Py Py ooy Py tlaiets [Pr Py Pay ooy Py telmets oo [Py Pa Pay o, Poty e (1)
[0, @1, @z, vy Qil1e=1, [0, @1, @2, -, Qil2e=1, [0, @1, @2y ovvs QiJime=1 -, [0, @1, Q2 ooe, Q= 2)

_ 0 when h(Ql)] < hg 3
N {1 when h(Q;); > hy (3)

which results in:
Tyiet, Totet Tagets oo Tk (4)
Imp,, Imp,, Imps, ..., ImMp (5)
Therefore, every rainfall event that corresponds to an operating overflow state can be
described by the following vector:
[T1ix = [Py, Py, Ps, e, Py, tr, Impy ] (6)
where
Pi, P>, Ps,..., Pi, t: — the rainfall characteristics of a single j-th precipitation event (P

represents rainfall depth or rainfall intensity and # represents rainfall duration), Imp — the

impervious area of the catchment, j — the number of rainfall events in a year (i = 1, 2,
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3,...,]), t — the time period covered by the calculations (t = 1, 2, 3,..., k), h(Qi); — the
filling level at the storm overflow, and h, indicates the height of the edge of the storm

overflow.

For a task set in this manner, the storm overflow is interpreted as a binary variable as
presented in equation (3). This is why, based on the data, including measurements of
precipitation characteristics in independent precipitation events and the operations of the
overflow, it is possible to develop a classification model to simulate the operation of the
overflow. In a multiannual approach, the impact of climate change and its trend in a time
series can be identified in the proposed model based on variations in the values of estimated
parameters, 6, in theoretical distributions, f(P;), describing rainfall characteristics in the
following form:
b, =f(t=Kk (7)

where

A(t) — an empirical model to determine the values of parameters in the theoretical

distribution for the consecutive t years covered by the calculations, n — the number of

parameters determined in the theoretical distribution.

On this basis, it can be stated that the values of precipitation characteristics in the consecutive
t years in a time series are as follows:

[Py, Py, P3, o, Pyt 010123, e=10 [P Poy Pay v, Pyt 020123, 0=20 [P1y Poy Pay oo Pyt B2 01,235, 6=k 3)
In contrast, the events for which the function of an overflow can be described in a single
episode are defined by the relationship:

[T]j,k =[P, Py, P3, ..., P Ly, Onkr Impy] (9)

where
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Ont — the numerical values of n parameters in a theoretical distribution, describing

precipitation characteristics for the k, z, or t years covered by the calculations.

The relationships presented above constitute a basis for calculating the number of storm
overflows in short-term (e.g., a single episode) or long-term approaches (1, 2, or 5 years),
which can take into account both changes in the impervious area of the catchment (Imp) and

changes in the rainfall dynamics that result from climate changes.

3.2. An algorithm for the construction of a probabilistic model for analysing the
operation of a storm overflow

A probabilistic storm overflow model designed to simulate the number of storm overflows in
both short- and long-term approaches was developed as part of the performed analyses. In
contrast to the models developed by other researchers (Fortier and Maihot, 2015; Jean et al.,
2018), the suggested approach will take into account the dynamics of urbanisation processes
and changes in precipitation at the same time. Therefore, the suggested solution enables an
analysis of the interaction between an increase in rainfall intensity and an increase in the
impervious area of the catchment in a multiannual approach. The developed methodology
also enables an assessment of the impacts of the uncertainty associated with the identification
of rainfall dynamics in short- and long-term approaches on storm overflow operations. The

computational algorithm used to construct a probabilistic model is presented in Fig. 2.
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Simulation of t-annual rainfall
series using Monte Carlo method
based on theoretical distributions

Simulation of t-annual rainfall
series using Monte Carlo method
considering the uncertainty

1 Determination of the probability 1

g = = = = milm = = = = = = 1 ()f occurance stormwater DVETﬂGW 1
| i (CDFpe)

Determination the dynamics ! '
' | of impervious changes of the ‘ 2 '
» | catchment area in t-annual

: : .

1 time period Determination of the probability
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Verification of computed results
by means of continuous simulation
with a calibrated hydrodynamic
model (SWMM)

Y

Modification of the catchment
impervious Imp=1{t)

Fig. 2. An algorithm used for the construction of a probabilistic model designed to analyse storm
overflow operations: CDF,. — empirical distribution function describing the probability of exceeding
the occurrence probability of a storm overflow, CDF¢ — empirical distribution function describing the
probability of exceeding the occurrence probability of a given number of storm overflow in the
designated year, caused by precipitation with a varying average intensity (i), and CDFz — a distribution
function describing the probability of exceeding the number of storm overflows expected in a period

of t years.

The probabilistic model presented in Fig. 2 consists of 5 independent components. Within
them, the following modules are determined: prediction of a storm overflow occurring in a
single precipitation episode, rainfall depths and changes in their dynamics, urbanisation in a
long-term approach and analyses of the produced results. The first component (1) includes the

gathering of measured data (intensity of rainfall, flow, filling level, and the impervious

11
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surface of the catchment area). This component serves as a basis for determining a logit
model designed to simulate the occurrence of a storm overflow. The second model component
model (2) is a synthetic precipitation generator, in which empirical distributions are
determined based on the obtained precipitation data and are matched to theoretical
distributions. In this component, it is assumed that the values of the parameters in the
theoretical distributions exhibit trends that are functions of time; these trends result from
changes in precipitation dynamics, which can be caused by climate changes (Bates et al.,
2008). This aspect is described in detail in the following part of the paper. The studies
included an uncertainty analysis of the identified parameter values of the theoretical rainfall
distributions. The third component of the model (3) involves a rainfall simulator based on the
Monte Carlo method. The rainfall simulator takes into account the possibility of modelling
synthetic precipitation series with changes in precipitation dynamics. The next component (4)
includes a module in which rainfall events in consecutive years [Pi, Pa,..., Pilk=12,.; are
assigned impervious area of the catchment. The suggested solution allows the coefficients to
have constant values or to be variable as a function of time for the consecutive years covered
by the calculations. The final model component (5) constitutes an element in which
simulations are performed involving the number of overflows. The impact of the
abovementioned factors on the functioning of a storm overflow is analysed based on the
produced results. To verify the predictive power of the suggested probabilistic model,
continuous simulations are performed based on precipitation data using a calibrated

hydrodynamic model.

3.3. Distinguishment of precipitation events and their classification
The precipitation data were acquired from the records of a traditional float pluviograph

located in a meteorological station in Kielce city; records from May-October 1961-2005 were

12
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collected. Individual precipitation events were distinguished based on the guidelines of DWA-
A 118E (2006). The adopted criteria were 4 h as the minimum dry period length and a
minimum precipitation level of 3.0 mm (Fu and Kapelan, 2013; Fu et al., 2014). As a result,
1484 precipitation events were identified in the 1961-2005 period, which means an average of
33 episodes per year. Most of the events involved frontal precipitation (Szelag et al., 2020).
The analysed precipitation events were grouped based on their average intensities. To this
end, Sumner’s classification (Sumner, 1988) was used as it is the most popular classification
method among meteorologists. The precipitation events were grouped into the following
categories (WMO, 2012): moderate rain shower (between 2.5 and 10 mm-h'; 416-1667 L-s’
Lha!), heavy shower (between 10 and 50 mm-h!; 1667-8335 L-s!-ha’!) and violent shower
(greater than or equal to 50 mm-h™'; >8335 L-s"-ha’!). In 1961-2005 in Kielce city, 768, 601,
98 and 17 episodes of light rains, moderate rains, heavy rains and violent rains were

identified, respectively.

3.4. Logistic regression

Logistic regression, also called the binomial logit model, constitutes a classification model
comprising the methods of supervised learning. This model is used to analyse output and
input data of a continuous and binary nature (zero — one). The logit model has been found to
be useful in many fields of science, from economy, medicine, microbiology, ecology, and
biotechnology to the modelling of objects in drainage networks (Salman and Salem, 2012;

Khudhair et al. 2019). The logit model is described by the following equation:

exp(@o+ay-x1+az X +a3X3..4gXq)

(10)

Pe = 1+exp(aptar-x1+azxz+az-x3..+aq-xq)

where
pe — the probability of the occurrence of a storm overflow in a precipitation event, ao

indicates constant term; a1, a2, ..., aq — empirical coefficients that are determined using

13
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the method of maximum likelihood estimation, and xq — independent variables including

rainfall characteristics and the impervious area of the catchment.

Equation (10) was used to assess the operation of a storm overflow in a precipitation event.
Therefore, a threshold value p. was established, which, when exceeded, defines the
occurrence of an storm overflow. Based on a review of the literature (Szelag et al., 2020), it
was assumed that a storm overflow occurred for values of p > 0.5, which can be presented as:
Ao +ay-x1+az x;+az-x3..+ag-x4>0 (11)
In an opposite case, i.e., when p < 0.5, it was assumed that there was no storm overflow. The
assessment of the predictive power of the logistic regression model used the following
indicators: sensitivity, denoted by SENS (determines the correctness of the classification of
data in a set containing events involving the occurrence of an storm overflow); specificity,
denoted by SPEC (determines the correctness of the classification of data in a set constituting
cases in which there was no overflow); and calculation error, denoted by R,? (determines the
correctness of the identification of event simulations — overflow/no overflow).
The logit model was developed based on the results of the rainfall and flow measurements
performed in the catchment area in the years 2009-2011 (188 precipitation episodes and 69
overflow events were observed) and 2012-2015 (261 and 140 precipitation and overflow
events, respectively). Validation of the logit model used 12 independent precipitation events
with available measurements of the operation of the storm overflows. To verify the resulting
logit model, continuous calculations were performed by means of a calibrated SWMM model
based on precipitation in the years 2008-2018. On this basis, the number of storm overflows

was determined for consecutive years and compared to the results of the measurements.
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3.5. Selection of theoretical distributions for the description of precipitation
characteristics

Based on the results of the rainfall measurements from 1961-2005, this paper identifies
precipitation events in consecutive 30-year periods of the multiannual time interval: 1961-
1990, 1962-1991, ..., 1976-2005. The following (two-parameter) theoretical distributions
were matched with the empirical data (precipitation characteristics determining storm
overflow operations): Gumbel, Weibull, Frechet, gamma and log-normal (Adams and Papa,
2000). The assessment of the compliance of the empirical and theoretical distributions were
performed using the bootstrap version of Kolmogorov-Smirnov (K-S) test and y? test. The
whole procedure of Monte Carlo simulation in goodness of fit testing can be found in the
literature (Savapandit and Gogoi, 2015). Proposed number of resampled data is 40 times
bigger than number of samples in original data (Wang et al., 2011). There are two types of
bootstrap estimation like parametric and nonparametric. The first is more popular in context
of goodness of fit testing, in which sample are draw from theoretical distribution with
parameters estimated based on original data. In the second one, the samples are draw from
original data. The main reason of using resampled version of K-S test was fact that the
distribution parameters were estimated form data. The issue with classical Kolmogorov-
Smirnov goodness of fit test in such situations widely discussed in the literature (Stephens,
1974; D’Agostino, 2017). 5000 samples were taken for the simulation and a non-parametric
approach was used (Savapandit and Gogoi, 2015). The assessment of the compliance of the
empirical and theoretical distributions was based on the calculated p-values and critical test
values (D) (Fu et al., 2014). In a case in which the calculated values of p were lower than the
p-value at the declared significance level (0.05), there was a basis to reject the hypothesis
claiming that the analysed theoretical distribution did not comply with the empirical

distribution.
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3.6. Analysis of changes in precipitation dynamics in a long-term approach
The calculated changes in rainfall dynamics were based on a trend analysis (Ganguli and
Coulibaly, 2019) in which a multiannual time interval of 30 years was adopted as a reference
unit (DWA-A 118E, 2006). A time series including a period longer than the multiannual time
interval, in which the measurements begin in year Xo, can be described by the following
relationship:

Xo +ky, Xo+Kky, Xo+ k3, Xg + kg, Xg + ks, Xg + kg, oo, X+ (t —2), X+ (t— 1), X, + (t=Kk) (12)
where in each subsequent (Xo + k) year, there was an average of j precipitation events.
The analyses of changes in rainfall dynamics in the multiannual time interval adopted a
reference period (time series) including data from within the range of Xo + (t = k) to Xo + (t =
k) — 30, containing 30-j precipitation events constituting vectors [P1, P,..., Pi]. To analyse the
variation in precipitation characteristics in the investigated period, an empirical distribution
S(Pi)xo+t=x) was determined and was paired with the corresponding theoretical distribution
fP)xo=x), with the determination of the parameters represented as Gyor(=k).12. . .n.
Subsequently, because the analysed period ¢ was longer than 30 years, another data series was
determined for the period between the years Xo + (t-1) and Xo + (t-1) — 30. Based on the
acquired data, the empirical distribution was determined, followed by the selection of the
theoretical distribution f{Pi)xo™ (1) and the calculation of the numerical values of the
coefficients
EOxo+t-1),1,2,..n. Subsequently, a time series was determined, including data from the
multiannual time interval from Xo + (t-2) to Xo + (t-2) — 30, and theoretical distributions
AP)xo™s (2) were established for the resulting data along with the determination of the values
of Oxo+-2),12,...n. These models were used to simulate rainfall in the consecutive years covered

by the analyses. This is why, to determine the uncertainty of the model predictions, the values
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of the standard deviations (o) of the estimated parameters orf were determined in the
theoretical models Gyvo™+(k)1.2,..n = flow, k). The adopted approach allows the identification of
distribution parameters and therefore an analysis of changes in precipitation dynamics
(Kazmierczak and Kotowski, 2015). By distinguishing 30-year periods within the 50-year
precipitation series, these authors suggested the nonlinear variance of the statistical
distribution parameters in the analysed timeframe for Wroctaw (Poland). Their results were
also confirmed by the calculations of Sarhadi and Soulis (2017), who created IDF (intensity-
duration-frequency) curves for part of the North American continent, taking into account
varying rainfall dynamics. Nonetheless, the relationships identified in this manner were used
in a limited capacity to simulate multiannual rainfall series by means of synthetic
precipitation generators. Changes in rainfall dynamics in the years 1961-2005 were analysed

following the methodology described above.

3.7. Simulator of synthetic rainfall series

The modelling of synthetic rainfall series commonly uses multidimensional probability
density distributions generated on the basis of copula functions linking the adopted marginal
distributions or modified Monte Carlo generators (e.g., Iman-Conover). If the independent
variables (xp) included in a multidimensional distribution are independent (i.e., their
correlations can be omitted), then there is no need to implement linking functions. In this
case, each of the variables considered by the model can be modelled independently based on
the established theoretical distribution F(P;)™ of the Monte Carlo random number generator.
The abovementioned solutions are useful when simulating synthetic rainfall series in a
situation in which the dynamics of the changes in the rainfall series over a period covered by
the calculations do not change, i.e., when 6, is constant. Based on the theoretical distribution

function F!(P;), it is then possible to predict the t—year rainfall series. However, when the
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precipitation dynamics change in the period covered by the simulations and the 6, values in
theoretical distributions are different, the need arises to perform analyses on the precipitation
dynamics. In this case, the calculations of the #-year synthetic rainfall series by means of the
Monte Carlo method can be performed for consecutive years based on k combinations of
theoretical distributions:
whenk = 1 year, [Pi]j = f(9X0+(t—1),1,2,..,n)
whenk = 2 year, [Pi]j = f(9X0+(t—2),1,2,..,n)
G(k=123,..,9 = whenk = 3 year, [Pilj = f(Bxy+(t-3)1,2,.n) (13)
[whenk = tyears. 2] = £@ryvccorsa )
assuming that
j(k=1,2,3,..,t) = constand 83>, 19120 = f(ar, k) (14)

where

J» k, Pi, Xo, n, and o are denoted according to the symbols in formulas (1-12).

Based on the results of Suligowski (2004), who showed for selected Polish cities that the
variability of the average rainfall intensity in a rainfall event (i) over a multi-year period can
be described by a log-normal (two-parameter) distribution and assuming that its parameters
(4, o) can be expressed as a polynomial function depending on time (t), the following system
of equations for modeling rainfall series was obtained:
1,1 InGe—w)
(F(x) =273 erf( o2 )
x €(0;1)
,U=al't2+a2-t+a0 (15)
O-:bl't2+b2 't+b0
for:t=0,1,2,3,...,k

where

F(x) — cumulative log-normal distribution, x — values of pseudo-random numbers
modeled from theoretical distributions, # 1 ¢ — parameters of the theoretical distribution,

a1, a2, ao, bi, by, bg — coefficients of the selected models for modelling u, 6. Assuming
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the values of t, the parameters of the distribution F(x) for the following years are

calculated and precipitation simulations are performed.

The values of the parameters ai, az, ao, bi, bz, bo in Eq.15 were estimated using the least
squares method, while the Akaike Information Criterion (AIC) was applied for the assessment
of the models p = f(t) and o = f(t). The results of calculations of p and o polynomial
parameters are given in Appendix B.

The computational algorithm for simulating the t-year rainfall series as described above was
used in the paper to model the number of storm overflows. The simulation of synthetic
rainfall series for consecutive years involved the N-sampling of M precipitation events in a
year, resulting from the established theoretical distributions. Due to the strong correlation
between the precipitation intensity (i) values in consecutive periods t (as indicated in the
paper of Kupczyk and Suligowski, 1997 — Appendix C), the Iman-Conover (I-C) method was
used in the simulations of multiannual synthetic rainfall series. In this method, the assessment
of the correlations among z variables is based on the value of Spearman's correlation. The
results of the application of the I-C method are discussed in detail in the paper by Iman and
Conover (1982), and these results are also cited in the Appendix D. This method is useful
when simulating numerous independent variables (even exceeding 10) that are correlated with
each other in a model. A good example of this includes complex technical facilities such as
wastewater treatment plants, power plants, industrial plants, elements of machines such as gas
turbines, and processes (Bixio et al., 2002; Talebizadeh et al., 2014; Forrester and Keane,
2017; Maronati and Petrovic, 2019). To limit the number of samples, the Monte Carlo
simulations used the Latin Hypercube method (LH).

To take into account the uncertainty of the identified parameters of the theoretical
distributions, it was initially necessary to perform P simulations (500 samples were used in

the paper) of theoretical distribution parameters N(us, os). On their basis, calculations of N
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samples for M precipitation events were performed from distributions describing the
precipitation characteristics of a given event. The obtainted results were entered into equation
(10), and the probability of storm overflow with the annual number of storm overflow was
calculated by establishing the empirical distribution functions (CDFpe, CDFz). Moreover, a
95% confidence interval was determined for the established empirical percentiles. A detailed
description of the method used to analyse uncertainty is presented in the paper by Grum and

Aalderink (1999).

3.8. A catchment area urbanisation process within a time horizon
The description of long-term changes in the land development of a catchment area, which are
a direct cause of increases in land imperviousness, used an original model in the following

form:

a
Imp, + (Impy, — Impy) - (ti) for te,=>t>0

Imp(t) = (16)

tsust_(t—tcr)

Esust

Imp, + (Impy, — Imp,) - ( )b for top + toust = t = ter
where
ter — the period of an increase in the impervious area of the catchment; tsst — the period of
optimal shaping of the impervious area of the catchment; Impo — the initial impervious
area of the catchment; Impm — the maximum impervious area of the catchment; Imp. —

the impervious area of the catchment after a period of ter + tas, and a, b — empirical

coefficients describing the dynamics of urbanisation in the catchment area.

The developed model provides high flexibility when studying the relationships among the
phase of an increase in the impervious area of the catchment (this is allowed by the
coefficients a and b) and actions aimed at compensating for the insufficient retention volume

of the catchment area within a specified timeframe. This allows the deliberate and rational
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management of the catchment area in compliance with the principles of sustainable
development and a bio-circular economy.

The performed analyses of the functioning of a storm overflow took into account the impact
of the dynamics of changes in the impervious area of the catchment within the given period
(ter T tsust) on the number of storm overflows. In the performed calculations, the values of tc
and twst changed over a period of 1-5 years, and the timeframe of the simulations (ter + tsust)

did not exceed 10 years.

3.9. Verification of the probabilistic model — continuous simulations using
a hydrodynamic model

A hydrodynamic model of an urban catchment area developed in SWMM 5.1 software was
used to verify the probabilistic model of storm overflow operations. To this end, continuous
simulations were performed based on 30-year rainfall series for consecutive computational
scenarios.

The hydrodynamic model studied in the paper consists of 92 partial catchment areas, 200
manholes and 72 sewers. The sizes of the partial catchment areas vary from 0.12 ha to 2.10
ha. As result of the calibration procedure, it was determined that the value of Manning's

.5, the Manning roughness

roughness coefficient of the sewer was New = 0.018 m’!
coefficient and retention of impervious areas were Nimp = 0.025 m™*-s and dimp = 2.50 mm,
and the runoff path width was calculated as W = a-A%*" where a = 1.35. The results of the
simulation (Szelag et al., 2016) demonstrated that, for the abovementioned combinations of
coefficients, the developed model is characterised by satisfactory predictability.

Two independent computational approaches were used during the verification of the

probabilistic model. The first approach included a multiannual time interval (30 years)

established based on equation (12), and the model performed continuous simulations of the

21


http://mostwiedzy.pl

A\ MOST

506 number of storm overflows for various impervious area of the catchment (Imp = 0.3-0.5). In
507 the abovementioned solution, 30-year precipitation series were identified within the time
508  series, i.e., 1961-1990, 1962-1991, 1963-1992, etc., which, in the following step, were entered
509 into the SWMM model to simulate the annual number of storm overflows.

510 In the second approach, calculations of the multiannual number of storm overflows were
511 performed while taking into account the changes in imperviousness over the consecutive
512  years. In this case, it was necessary to simultaneously prepare numerous models of the
513  catchment area, in which different values of the impervious area of the catchment, assigned to
514  the consecutive years covered by the calculations, were defined based on equation (12). A
515 layout of the construction of a model for continuous simulations in which the characteristics

516  of the catchment area change in a dynamic system over consecutive years is presented in Fig.

517 3.
SWMM model for catchments area Imp| | SWMM model for catchments area Imp, SWMM model for catchments area Imp,
rainfall series (first year) rainfall series (second year) rainfall series (t- year)
separated rainfall events (N,) separated rainfall events (N,) separated rainfall events (N,)
annual number of storm annual number of storm annual number of storm
overflow (Z,) overflow (Z,) overflow (Z,)
L - i - |
t-annual number of storm overlfow
Z=ZAZ+ .. Z
518 ‘

519  Fig. 3. Scheme of the construction of a hydrodynamic model used to simulate the number of storm
520  overflows in a period of t years.

521
522  Based on the suggested computational algorithm (Fig. 3), calculations of the number of storm
523  overflows were performed for a period of t = 10 years.

524
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4. Results and discussion
4.1. The logistic regression model
Based on precipitation data and changes in the impervious area of the catchment, the

following logit model was developed:

__ exp(0.352 i +3.928 Imp — 5.298)
Pe = 1+exp(0.352 i + 3.928 Imp — 5.298)

(17)
where

pe — the probability of the occurrence of a storm overflow, Imp — the impervious area of

the catchment, and i — the average rainfall intensity (L-s'-ha™).

The established logit model is characterised by high accuracy of measurement data. This is
indicated by the following values: SPEC = 87.22% (out of 209 storm overflows, 182
precipitation episodes were identified properly), SENS = 87.87% (out of 240 precipitation
episodes, 211 events were classified properly), and R,?> = 87.55% (out of 449 events, the
operation of the storm overflow was identified properly in 393). Validation of the resulting
logit model was also performed. This was done using 12 independent precipitation events.
The completed calculations indicate that out of 7 storm overflows, the logit model properly
predicted 6 events; for 5 measured precipitation events, in the absence of an overflow event,
the results of the calculations using the logit model were similar for all episodes. To verify the
logit model, continuous simulations of the annual number of storm overflows (Zswmm) were
performed by means of a calibrated hydrodynamic model of the catchment area. The results of

calculations are presented in tab. 1.

Tab. 1. Results of the verification of the logit model

Year Imp N Zines Zlogit Zswym
2008 33 43 15 12 16
2009 33 47 16 17 16
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2010 35 47 18 15 19

2011 38 51 20 21 20
2012 383 36 - 16 15
2013 38.6 41 - 17 15
2014 39 44 - 22 23
2015 40 58 24 21 24
2016 41.3 44 20 22 20
2017 45 38 20 18 20
2018 50 42 20 22 20

Zmes — actual number of storm overflows, Ziosi: — number of overflows determined by the logit model, Zswvm —

number of storm overflows resulting from continuous simulations.

Based on the data included in the table, it can be concluded that the annual numbers of storm
overflows determined by means of the logit model and those based on the continuous
simulations are highly compliant. The maximum difference in the annual number of storm
overflows between the results from the SWMM model and those from the logit model equals
3. An identical maximum difference was achieved between the measurements and the results
of the logit model. As indicated above, the established logistic regression model can be
applied to further analyses.

To allow the interpretation of the individual terms in equation (17), they were written in a
simplified form:

0.395i + 3.928 Imp — 5.498 > 0 (18)

By normalising equation (18) (Thorndahl and Willems, 2008, Szelag et al., 2020), assuming

that, in the analysed period, Imp = 0.40, the following relationship was produced:

i +3228.040-22% = {1 398-13.92>0 (19)
0.395 0.395
which finally resulted in:
i—9.94>0 (20)

In equation (20), the value of the constant term (i.e., 9.94) is similar to the value of the
average rainfall intensity (io = 10.82 L-s!-ha™!) that determines the occurrence of a storm

overflow event in the analysed catchment area (Szelag et al., 2019). According to the
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literature (Thorndahl and Willems, 2008), it can be assumed that the value iy is a function of
the physical-geographical characteristics of the catchment area; however, this aspect has not
yet been studied in catchment areas with various characteristics, and it thus requires further
detailed analyses. This is important from the point of view of the construction of a universal
model for predicting the occurrence of a storm overflow event. Attention should also be paid
to the fact that the suggested approach, when compared to the traditional approach (P, #)
discussed in numerous papers (Grum and Aalderink, 1999; Thorndahl and Willems, 2008;
Szelag et al., 2019), constitutes a significant simplification at the construction stage of the

model and simulations, which constitutes its major advantage.

4.2. Establishing the theoretical distributions of independent variables

Based on the distinguished precipitation events, empirical distributions of the rainfall intensity
values were determined for the consecutive periods of the multiannual time interval (30 years)
in the resulting time series. Subsequently, theoretical distributions were matched with the
resulting empirical distributions. Tab. 2 presents the critical test probability values of the
resampled Kolmogorov—Smirnov (K-S) and y? tests, which resulted in the best match with the
empirical data. The results of the K-S and y? test calculations for the remaining statistical

distributions are presented in the Appendix E.

Tab. 2. Results of K-S™ and 72 test calculations and the values of the matching parameters (u, ¢) in the

theoretical distributions

. 2 Parameter Standard
Multiannual Distribution p(K-S) p(xL") (average value) deviation
time interval p-value p-value I o o .

1961-2005 lognorm 0.310 0.251 1.966 0.856 0.009 0.017
1961-1990 lognorm 0.210 0.187 1.883 0.837 0.034 0.010
1962-1991 lognorm 0.203 0.195 1.884 0.829 0.017 0.012
1963-1992 lognorm 0.105 0.092 1.881 0.842 0.020 0.017
1964-1993 lognorm 0.119 0.121 1.892 0.841 0.039 0.009
1965-1994 lognorm 0.237 0.221 1.881 0.845 0.023 0.008
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1966-1995 lognorm 0.275 0.224 1.905 0.851 0.029 0.018
1967-1996 lognorm 0.303 0.258 1.915 0.860 0.027 0.005
1968-1997 lognorm 0.208 0.210 1.928 0.862 0.028 0.014
1969-1998 lognorm 0.141 0.121 1.922 0.863 0.027 0.016
1970-1999 lognorm 0.247 0.214 1.916 0.861 0.023 0.010
1971-2000 lognorm 0.142 0.123 1.918 0.865 0.019 0.012
1972-2001 lognorm 0.331 0.257 1.933 0.866 0.023 0.018
1973-2002 lognorm 0.311 0.287 1.948 0.859 0.025 0.012
1974-2003 lognorm 0.132 0.116 1.963 0.853 0.020 0.009
1975-2004 lognorm 0.398 0.321 1.989 0.856 0.029 0.018
1976-2005 lognorm 0.100 0.109 1.991 0.857 0.020 0.015
Us, ous — average value and standard deviation of the 4 values, resulting in a normal distribution in the form of

N(us, ous) for simulating the uncertainty of parameter us of the theoretical distribution; and

s, 055 — average value and standard deviation of the o values, resulting in a normal distribution in the form of

N(os, 0ss) for simulating the uncertainty of parameter o of the theoretical distribution.

An analysis of the data in Tab. 2 indicates that the empirical data are best matched by the log-
normal distribution, and the standard deviation values in relation to the established values of
parameters us and o5 do not exceed 2.2% (the maximum error in the data from 1964-1993). In
the case of parameter o, it was concluded that the parameter reaches its maximum value in the

period from 1969 to 1998 and then falls. The resulting relationships are presented in Figs. 4a

and 4b.
a) b)
2.00 0.870
o (]
0.865 + o ©
1.98 + 5
o i
).860 +
0.86 °o . o %
1.96 + . ©
0.855 +
o o O ™
L R 0.850 >
= ) o g
Lozt 0 0.845 + il
o o © g
° 0.840 + Q.
1.90 +
e - 0.835 +
b0 :
1.88 T 1, =0.0004(£0.00003)k? + 0.001(20.0002)k + 1.8838(20.032) 0830 L¢° 05 = -0.0003(0.00004)k* + 0,0065(£0.0004)k + 0.829(+0.03)
R?=0.9356 T R?=0.8524
1.86 + 0.825 : ! : : : + +
0 2 4 6 3 10 12 14 0 2 4 6 3 10 12 14 16
k (years) k (years)

Fig. 4. Variability of the values of parameter x (a) and parameter ¢ (b), measured and interpolated for

the consecutive periods of the multiannual time interval.
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When analysing the shape of the curves (measurements and interpolation), it can be
concluded that the adopted second-degree polynomials reflect the changes in the us and o
coefficients in the log-normal distributions with a satisfying accuracy. The resulting
relationships can constitute a basis for determining the values of us and o5 in consecutive
years. The presented approach is confirmed by the literature (Kazmierczak and Kotowski,
2015), and it is used in computational experiments involving changes in precipitation
dynamics in a multiannual approach. In the following sections, calculations of the probability
of a storm overflow in a given year (including multiannual calculations) and the number of
storm overflows were conducted using the empirical values of 4 and ¢ derived from the

theoretical distributions (tab. 2).

4.3. Impact of the uncertainty of the parameters of the statistical distributions
of precipitation on calculation results involving the operations of storm overflows
The performed calculations included an analysis of the impact of the uncertainty of the
identification of the parameters of statistical distributions (tab. 2) on the probability of the
occurrence of an overflow event and on the simulated annual number of overflows. The first
scenario involved modelling the impact of the uncertainty of the estimation of the parameters
in distributions describing the average intensity of rainfall (tab. 2). In the second scenario, the
values of the parameters in the theoretical distributions were calculated using regression
models. The uncertainty of the parameters identified in the statistical distributions was
modelled based on the calculated average values of the parameters and the calculated standard
deviations. The results of the calculations of the empirical distribution functions (CDFp,
CDFz) based on the theoretical distribution (1975-1994) and Imp = 0.50, taking into account

the uncertainty (average value), with indicated 95% intervals, are presented in Fig. 5.
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Fig. 5. Empirical distribution functions calculated while taking into account the uncertainty of the
estimation of the theoretical distribution parameters, describing the probability of exceeding: a) the

probability of the occurrence of an storm overflows (pc); b) the annual number of storm overflows (Z,).

The resulting distribution functions were compared to the simulation results for the case that
omitted the uncertainty of estimated parameters in the statistical distributions of rainfall
characteristics.

Based on the resulting curves (Figs. 5a and 5b), it was concluded that the uncertainty of the
estimation of the parameters in the statistical distributions of rainfall had a minor impact on
the results when calculating the probability of the occurrence of a storm overflows-event and
the annual number of storm overflows. This was confirmed by the established ranges of 95%
confidence intervals in relation to the modelled variables, i.e., pe and Z;. Based on the
resulting curves (Fig. 5a) for the period of 1961-1990, it was concluded that the values of pe
that were determined based on the parameters of the theoretical distributions of precipitation
by means of the relationships us= f(t) and o= f(t) are higher than those obtained in the results
of the calculations that were based on the empirical parameters (tab. 2, columns 7 and 8). This
is reflected by the calculated distribution functions representing the yearly number of storm

overflows (Fig. 5b). For the assumed number of storm overflows n each year (Z), the
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resulting percentile values were higher for the case in which the distribution parameter values
were estimated based on the relationships us= f(t) and o= f(t). An analysis of the established
95% confidence intervals demonstrated that, in the scenario in which the parameters of the
statistical distributions of rainfall were estimated based on the relationships us= f(t) and o=
1), the resulting parameters were lower than the values of the empirical parameters (tab. 2).
Referring to the remaining rainfall distributions (periods: 1962-1991 to 1976-2005), it was
proven that the values of pe (percentile 0.50) calculated based on the empirical data and based
on the relationships us= f{(t) and os= f(t) differed by a maximum of 3%. Therefore, it can be
concluded that the uncertainty of parameter estimations in the statistical distributions had little
impact on the values of p. and Z;. At the same time, this confirms the credibility of the

produced results of the calculations of variables covered by the simulations.

4.4. The impact of changes in precipitation dynamics and urbanisation on the operation
of a storm overflow
The impacts of the imperviousness of the catchment area and rainfall dynamics were analysed
based on the established logit model and the theoretical distributions (a simulation of a single
value of rainfall intensity was performed 2500 times using the LH method) of average rainfall
intensity in the consecutive periods of the multiannual time interval (tab. 3). For example, the
theoretical distributions of rainfall selected for the analyses originated from the periods from
1961 to 1990 and from 1975 to 2004 (parameters were calculated from the statistical
distributions based on the data from tab. 2). By means fitting the theoretical distributions of
rainfall intensity, a simulation was performed using the LH method, and the probability of the
occurrence of storm overflow was determined for the adopted impervious area of the

catchment Imp = 0.3-0.5. The resulting CDF,. curves are presented in Fig. 6.
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Fig. 6. The impacts of changes in precipitation dynamics in the consecutive periods of the multiannual
time interval and of the impervious area of the catchment on the probability of the occurrence of a

storm overflow event (pe).

Based on an analysis of the shape of the curves (Fig. 6), it was concluded that both the
urbanisation of the catchment area and the dynamics of rainfall had significant impacts on the
probability of the occurrence of a storm overflow event (pe). For example, the values of the
0.5 percentile, determined based on the theoretical distribution, for the periods from 1961 to
1990 and from 1975 to 2004 at Imp = 0.30 are 0.150 and 0.194, respectively. The results
yielded in this manner confirm the impact of changes in rainfall dynamics in a multiannual
approach on pe, and these results are confirmed by the analyses of Bendel et al. (2013). By
applying the results of the precipitation forecasts of a 30-year period, the researchers indicated
an increase in the occurrence frequency of storm overflows based on calculations using a
hydrodynamic model of the studied catchment area. Moreover, an analysis of the
abovementioned curves indicates that, for theoretical distributions determined based on
precipitation data from the period from 1961 to 1990, an increase in the imperviousness of the

catchment area from Imp = 0.30 to Imp = 0.50 leads to an increase in the probability
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(Arnbjerg-Nielsen et al., 2013) of an storm overflow event from pe = 0.150 to p. = 0.271. The
results of calculations demonstrate that both the urbanisation of the catchment area and the
dynamics of changes in rainfall in a multiannual approach have a considerable impact on the
operation of a storm overflow, with a strong interaction occurring between them (Wu et al.,
2013). This is reflected by the value of the 0.5 percentile derived from the theoretical
distributions for the period from 1961 to 1990 and Imp = 0.50, as well as the value derived
from the theoretical distributions for the period from 1975 to 2004 and Imp = 0.40; these

values are almost identical and are equal to 0.268 and 0.265, respectively.

4.5. The impact of the dynamics of changes in precipitation on the annual number of
storm overflows with respect to the classification of precipitation
Calculations of the annual number of storm overflows were performed based on the
established theoretical distributions (a simulation of 33 precipitation events in a given year
was performed 2500 times by means of the LH method) for the consecutive periods of the
multiannual time interval (tab. 2) and by the developed logit model for the value Imp = 0.45.
At the same time, continuous simulations were performed by means of a calibrated
hydrodynamic model of the catchment area for the respective 30-year rainfall periods. The

results of the performed analyses are presented in Fig. 7.
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Fig. 7. The impact of the dynamics of changes in precipitation in the consecutive periods of
a multiannual time interval on a) the annual number of storm overflows; b-d) the probability of the
occurrence of a storm overflow in a given year caused by a moderate (b), heavy (c) or violent

downpour (d).

Based on the resulting curves, it can be concluded that changes in precipitation dynamics in
the consecutive periods of the multiannual time interval from 1961 to 1975 had significant
impacts on the annual number of storm overflows. The shape of the resulting curves indicates
an increase in the calculated number of storm overflows based on the theoretical distributions
derived from the precipitation data from the consecutive periods of the multiannual time
interval (starting from 1961). This is confirmed by the values of the resulting 0.5 percentiles.
For example, the annual number of storm overflows for the data from the period from 1961 to

1990 was 13, while the value determined for the period from 1976 to 2005 equalled 16. The
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resulting pattern can also be observed in the values of the remaining percentiles. For example,
for the 0.05 and 0.95 percentiles, the annual numbers of storm overflows determined for the
period from 1961 to 1990 amounted to 9 and 18, and those for the period from 1976 to 2005
amounted to 12 and 22, respectively. The results of the simulations indicate the impacts of
climate change on the operation of sewage networks, including on the objects existing within
the sewage networks, such as storm overflows. These results are confirmed by the analyses
performed by Bendel et al. (2013), who, by using a calibrated model of the studied catchment
area and predicting rainfalls by means of the NiedSim-Klima model, demonstrated an
increase in the number of storm overflows in an urbanised catchment area in Baden-
Wiirttemberg. These results are also confirmed by the analyses performed by Tavakol-Davani
et al. (2016), who, by performing simulations using a calibrated model for the catchment area
of Toledo (Canada) based on multiannual precipitation forecasts, demonstrated a 15% impact
of the annual number of overflows over a 30-year period. A similar increase in the number of
storm overflows for a 30-year period was also confirmed by Abdellatif et al. (2015), who
performed similar simulations for the catchment area of Crewe in northern England. It should
be noted that the results of continuous simulations using a calibrated model of the studied
catchment area fall within the range of probabilistic solutions, which indicates the
applicability of the model to predicting the annual number of storm overflows.

The probability of the occurrence of an storm overflow in a given year caused by rainfall with
a varying intensity was analysed to supplement the abovementioned results and investigate
the impact of the dynamic process of rainfall changes on the operation of a storm overflow.
The results of the calculations are presented in Figs. 7b-d. On the basis of these results, it was
concluded that storm overflows in consecutive years occurred as a result of various types of
precipitation: moderate, heavy and violent. Moreover, the resulting curves indicate that a

change in rainfall dynamics in the consecutive years of the 1961-1975 period led to a decrease
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in the probability of the occurrence of an storm overflow caused by a moderate downpour
(Fig. 7b), as confirmed by the values of the calculated percentiles. In contrast, the probability
of the occurrence of a storm overflow caused by a violent or heavy downpour increased
correspondingly. To date, this aspect has not been addressed by researchers involved in the
modelling of storm overflows. Based on the results of continuous measurements of
precipitation and a calibrated hydrodynamic model for Innsbruck city, Jean et al. (2019)
analysed the possibility of determining precipitation characteristics for the design of an
overflow. However, to a limited extent, these authors took into consideration aspects related
to the identification of rainfall, which could have affected the final results of the calculations
and problems with the interpretation of the resulting relationships.

The results yielded in this paper can be used to identify the occurrence of a storm overflow
based solely on precipitation intensity, depending on changes in rainfall dynamics during the
multiannual time interval. However, one should aim to generalise the produced results;
therefore, these analyses should cover broader areas (Guo and Urbonas, 2002; De Paola and

Ranucci, 2012).

4.6. The impact of urbanisation and changes in precipitation dynamics on the annual
number of storm overflows
By proceeding in accordance with the developed computational algorithm, based on the logit
model (equation 17) and the established parameters of the theoretical distributions for the
years 1961-1990 and 1975-2004, the annual numbers of storm overflows (Z;) were
determined for the adopted values of Imp = 0.3-0.5 (Fig. 8). The calculations used synthetic
precipitation series (2500 samples), assuming 33 episodes per year. To assess the
predictability of the model, continuous simulations were performed on the basis of the

adopted time series.

34


http://mostwiedzy.pl

A\ MOST

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

CDF,

— 1961-1990 (Imp=0.3)
..... 1961-1990 (Imp=0.4)
- == 1961-1990 (Imp=0.5)
1975-2004 (Imp=0.3)
1975-2004 (Imp=0.4)
1975-2004 (Imp=0.5)
SWMM

20 24 28

Fig. 8. The impacts of changes in precipitation dynamics in the periods from 1961 to 1990 and 1975 to

2004 and of the impervious area of the catchment (Imp) on the annual number of storm overflows (Z).

The resulting curves (Fig. 8) confirm the relationship shown in Fig. 6 and present the impact
of changes in rainfall dynamics in the analysed periods of the multiannual time interval. An
analysis of the shape of the curves of Fig. 8 indicates the significant impact of the
imperviousness of the catchment area on the annual number of storm overflows. For both the
CDFz curve derived from precipitation data from the period from 1961 to 1990 and that from
1975 to 2004, an increase in the imperviousness of the catchment area of Almp = 0.1 (from
Imp = 0.3 to Imp = 0.4) led to an increase in the annual number of storm overflows by 1 for
the 0.5 percentile (from 11 to 12 in the period from 1961 to 1991 and from 13 to 14 in the
years 1975-2004). Similar relationships were also derived for the 0.95 percentile. These
results are confirmed by the calculations performed by other authors (Kirshen et al., 2014;
Fortier and Maihlot, 2015; Tavakol-Davani et al., 2016) by means of calibrated hydrodynamic
models of urban catchment areas. These authors observed that the impacts of changes in
precipitation dynamics relative to the multiannual time interval led to an increase in the

number of storm overflows of no less than 10%. Analogical conclusions were drawn by
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Szelag et al. (2019), who, like the abovementioned researchers, focused solely on the impact
of changes in the impervious area of a catchment on the number of storm overflows; the
aspect related to rainfall dynamics over time was neglected.

From a practical point of view and regarding the usefulness of the proposed model, it is
important that the results of continuous simulations using the hydrodynamic model for the
period from 1962 to 1991 and the period from 1975 to 2004 fall within the scope of the
probabilistic solution, which confirms the correctness of the approach proposed in the paper.
Moreover, the values of the 0.5 percentiles derived from the SWMM model and the proposed
probabilistic model are highly compliant, which confirms the credibility of the produced

calculation results.

4.7. The impact of urbanisation dynamics on the multiannual number of storm
overflows
The performed analyses included consideration of the impact of urbanisation dynamics in the
studied urban catchment area in the period covered by the studies, which corresponded to ter =
10 years. Using the developed logit model, the theoretical distribution of precipitation
intensity values (1961-2004), and the model for predicting the imperviousness of the
catchment area (equation 17), while assuming that Impo = 0.33 and Impm, = 0.55, simulations
of the precipitation characteristics (i) of the events were performed by means of the LH
method (2500 samples). The following computational scenarios were analysed to assess the
impacts of urbanisation dynamics on the number of storm overflows: I (a = 1.00), II (a =
0.40), III (a = 2.40), IV (a = 0.25) and V (a = 2.80). The calculations served as a basis for
determining the multiannual number of storm overflows (Z) and the probability of an storm

overflows caused by downpours of the following intensities: moderate (nm), heavy (nn) and
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Fig. 9. Selected characteristics of storm overflows for scenarios I, I, III and IV of the dynamics of

changes in the impervious area: (a) the probability of exceeding a 10-year number of storm overflows

(Z,); (b-d) the probability of the occurrence of a storm overflow (t = 10 years) caused by a moderate

(b), heavy (c) or violent downpour (d).

The shape of the curves in Fig. 9a unambiguously indicates that the lowest resulting number

of storm overflows (Z; = 140) corresponds to the value a = 2.8 (scenario V). For the parameter

value a = 1.0 (scenario I), the calculated number of storm overflows is Z; = 152 and is larger

by 12 than the number of storm overflows obtained in scenario V (a = 2.8). The largest

resulting number of storm overflows (percentile 0.50), which equals Z; = 162, corresponds to
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the urbanisation dynamics in which the value of coefficient a is the lowest (a = 0.25; scenario
V).

From the point of view of the number of storm overflows (t = 10 years), the concept of
urbanisation according to scenario V (a = 2.8) seems optimal. This results in the smallest
number of storm overflows (percentile 0.5). The considerable impact of the urbanisation of
urban catchment areas on the increase in the number of storm overflows and their volume in a
multiannual approach is confirmed in the paper by Shuster et al. (2005). These results remain
in compliance with the papers of Pennino et al. (2016). By analysing three catchment areas in
the Mid-Atlantic of the USA, the authors demonstrated the impacts of changes in the
imperviousness of the studied catchment areas (including solutions related to LID) on the
operations of storm overflows. The resulting relationships were also confirmed by the
calculations of Todeschini (2016), which were performed by means of a calibrated
hydrodynamic model using the example of a small catchment area in northern Italy. In that
case, the analysis of the impact of urbanisation dynamics in the catchment area in a
multiannual approach was performed within a limited scope, which, as demonstrated by the
present paper, is of major significance for the operation of an overflow (the number of
overflows). In relation to the spatial development plans of urban areas, the aspect analysed in
the paper is extremely important, as it provides the ability to plan the development and take
actions that allow the compensation of the disadvantageous impact of the catchment area
imperviousness on the quality of water in streams. This requires extending the proposed
methodology and taking into account both the volume and the pollution load in simulations.
The probability of the occurrence of a storm overflow in a period of t = 10 years caused by
moderate (pm), heavy (pn) or violent (ps) downpours (Fig. 9b-d) was determined to increase
the level of detail of the abovementioned analyses. On the basis of the resulting curves, it was

concluded that, when a = 2.80 (scenario V), the resulting values of the probability of the
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occurrence of a storm overflow caused by heavy and violent downpours were higher (Fig. 9c-
d). Under the operating conditions of the network, this indicates an increase in the number of
storm overflows, which also results in an increase of the pollution load introduced into the
receiving waters. In terms of the probability of an storm overflow caused by moderate
downpours, it was concluded that, among all considered scenarios (I-V), the lowest values of
pm were observed in scenarios III and V. A comparison of the calculation results (0.5
percentile) of the number of storm overflows determined by means of the developed
mathematical model with the results of the continuous simulations (using the hydrodynamic
model) resulted in their high similarity. This confirms the compliance of the relationships
between the dynamics of changes in the imperviousness of the catchment area in a long-term

approach, established through probabilistic and hydrodynamic models.

4.8. The impact of changes in rainfall dynamics and urbanisation on the multiannual
number of overflows — sustainable development of the catchment area
The impact of changes in precipitation dynamics in consecutive years, as well as of the
imperviousness of the catchment area (Imp), on the multiannual number of storm overflows is
analysed below. Based on the parameters (u, o) determined in the theoretical distributions
(tab. 2), simulations of rainfall series were performed by means of the I-C method with a LH
modification. Considering the long period covered by the calculations and the fact that the
variables used in the simulations are dependent, 2,500,000 samplings were performed for the
10-year rainfall series originating from the periods from 1990 to 1999 and from 1996 to 2005.
During an intense increase in the imperviousness of the catchment area (Imp of 15%), a
period of te = 5 years was assumed. The reduction in the impervious area (tsust) was also
assumed to be 5 years. Tab. 3 presents values a and b for the modelled imperviousness

scenarios, calculated using equation (17).
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Tab. 3. List of the values of coefficients (a, b) in an empirical model describing Imp = f{t) in equation

17).
. Variant
Coefficient
| 1T 11T v \'% VI VII VIII IX
a 1.0 04 2.4 1.0 1.0 04 04 2.4 2.4
b 1.0 0.4 2.4 0.4 2.4 1.0 2.4 1.0 0.4

The calculations assumed an initial impervious area of the catchment of Impo = 0.40 and a
maximum impervious area of the catchment of Impm = 0.55; the impervious area of the
catchment after the period of ter + taust was assumed to be Impe = 0.47. Simulations of the
operations of storm overflows were performed for the abovementioned assumptions in search
of an optimal scenario of changes in the imperviousness of the analysed catchment area. The
following were also determined on the same basis: the impact of changes in rainfall dynamics
in a multiannual approach and that of the imperviousness of the catchment area on the
multiannual number of storm overflows and the probability of the occurrence of a storm
overflow caused by moderate (pm), heavy (pn) and violent downpours (pv). The calculation
results, i.e., the empirical distribution functions reflecting the probability of exceeding the 10-
year number of storm overflows and the probability of exceeding the occurrence probability
of a storm overflow resulting from moderate, heavy and violent downpours in scenarios [-1X
for the precipitation periods from 1990 to 1999 and from 1996 to 2005 are presented in
Appendixes F and G. A comparison between the respective values (0.5 percentile) of Zio.5)
and pm(o.5) or pn(o.5) for the applied precipitation periods and imperviousness scenarios I-IX is
presented in Fig. 10. The yielded results are compared to the simulations that used the
hydrodynamic model. Due to the course of the empirical distribution function (Figs. 7d, 9b)

for violent downpours (compared to those for moderate and heavy downpours), the minimum
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probability of exceeding the probability of a storm overflow (py) was presented for the
scenarios covered by the calculations.

Based on the resulting curves, it was concluded that the number of storm overflows
(percentile) derived from the probabilistic model is larger by maximum 2 storm overflows
than that determined using the hydrodynamic model for the analysed scenarios (tab. 3). The
resulting model confirms the high compliance of the calculation results obtained using the
probabilistic model suggested in the manuscript in terms of a simultaneous simulation of the
dynamics of changes in rainfall and the imperviousness of the catchment area.

Based on the performed analyses, it can be concluded that the smallest numbers of storm
overflows derived from the theoretical distributions for the period from 1990 to 1999 were
observed in scenarios III (Zyo.5) = 133), and the largest value was observed in scenario II
(Zyo.5y = 140). For the period from 1996 to 2005 (similarly to the preceding period), the
largest number of storm overflows was observed in scenario II and VI (Zo.5) = 148) and the
smallest in scenario III (Zyo.5) = 142). For linear increases in Imp in the period te: and rainfall
in the period from 1990 to 1999, the smallest number of storm overflows (Zo.5) = 136) was
observed in scenario V (b = 2.40) and the largest in scenario IV (Z0.5=139). The largest
number of storm overflows in each of the consecutive computational scenarios, i.e., II, VI and
VII (a = 0.40), as well as III, VIII and IX (a = 2.40), in both periods (1990-1999 and 1996-

2005) were observed for b = 0.4 (Fig. 10a).
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Fig. 10. Selected characteristics of storm overflows for imperviousness scenarios I — IX based on
precipitation data in the periods from 1990 to 1999 and from 1996 to 2005 (marked with an asterisk):
a) the number of storm overflows Zios) (per values); b) minimum probability of exceeding the
probability of the occurrence of an storm overflow caused by violent downpours p, (percentile 0.50);
¢) the probability of the occurrence of an storm overflow caused by moderate downpours pm.s)
(percentile 0.50); and d) the probability of the occurrence of a storm overflow caused by heavy

downpours puo.s) (percentile 0.50).

When assuming nonlinear dynamics of Imp = f{t) in period # (a = 2.40 and b = 0.40), the
resulting number of overflows or period tsust (equation 14) was larger by 1 overflows than that
of scenario VIII when b = 1.0. For scenario III, when a = b = 2.40, and for precipitation
distributions for the period from 1990 to 1999, it was observed that the number of overflows
Zy = 133 was smaller by 4 overflows than that of scenario VII (a = 2.4 and b = 1.0) (Zyo0.5=
137). In scenario II and in the precipitation distribution for the period from 1990 to 1999, the

number of overflows (Zyo.5)=140) was larger by 4 overflows compared to that of scenario IX.
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Figs. 10b-d demonstrate that a change in precipitation dynamics (moderate, heavy and violent
downpours) had a significant impact on the probability of the occurrence of a storm overflow.
The resulting values of pm(.5) for the analysed scenarios, determined based on the theoretical
distributions of precipitation in the period from 1990 to 1999, were lower than their
counterparts from the 1996-2005 period. An identical relationship was observed with respect
to the minimum probability of the occurrence of an storm overflow in a 10-year period for
violent downpours (Fig. 10d). The values of the probability of an storm overflow caused by
heavy downpours in the period from 1990 to 1999 were higher than their counterparts from
the 1996-2005 period (Fig. 10c). In terms of the operation of a storm overflow, this means
that it may be necessary to modify the position of the height of the overflow edges to limit the
number of storm overflow events caused by precipitation with an average intensity of i = 10-
50 mm-h'.

The interaction between the dynamics of changes in rainfall and the impervious area is of
primary importance for the resulting number of storm overflows (10 years). For example, for
the theoretical precipitation distributions in the period from 1990 to 1999 and for scenario II
(tab. 3), the resulting number of storm overflows (Zyo.5) = 140) was only 2 less than for the
precipitation distributions for the period from 1996 to 2005 and scenario III. The dynamics of
rainfall changes (caused by climate changes) presented using a long-term approach indicate
an increase in the number of storm overflows. This is also confirmed by the simulation results
obtained using hydrodynamic models (for a 30-year period) for urban catchment areas
(Kleidorfer et al., 2014). The exclusion of the dynamics of changes in precipitation from the
modelling process can result in the underestimation of the calculated number of storm
overflows and, as a consequence, in the erroneous determination of the position of the edge of
the overflow. The produced results unambiguously confirm the significant impacts of changes

in precipitation dynamics and urbanisation on the functioning of storm overflows. This aspect
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was analysed in detail in the paper by Wu et al. (2013). The authors presented the impacts of
climate change and the impervious area of the catchment area on the runoff from the
catchment to the receiving waters. The relationships demonstrated by these authors were
confirmed by the work of other researchers who analysed catchment areas in the USA
(Kirshen et al., 2014; Tavakol-Davani et al., 2016), Sweden (Semadeni-Davies et al., 2008)
and Canada (Fortier and Mailhot, 2015; Jean et al., 2018).

The high compliance of the calculation results obtained using the probabilistic and
hydrodynamic models indicates that the developed model constitutes a useful supporting tool
when planning the directions of changes in the development of a catchment area (in a
multiannual approach) in terms of reducing the number of storm overflows and therefore
protecting water in streams. Due to the use of a simplified approach compared to that
presented in previous papers (Kleidorfer et al., 2009; Thorndahl and Willems, 2008; Jean et
al. 2019), the approach used in this paper can be applied to analyses in everyday engineering
practice as an alternative to complicated hydrodynamic models requiring a large amount of
data. Moreover, the developed rainfall generator allows modelling of the dynamics of its
changes in a long-term approach, which, compared to the currently used models (Gironas et
al., 2010; Arnell, 2011; Arnbjerg-Nielsen et al., 2013), constitutes a considerable
simplification. The suggested computational methodology can be useful when constructing
precipitation models by means of multidimensional density distributions used at the design

stages of both the sewage system and the objects located above it.

5. Summary and conclusions
Currently, the modelling of objects (storm overflows, reservoirs, etc.) located in drainage
networks, while taking into account the dynamics of precipitation and urbanisation in short-

and long-term approaches, constitutes a topical issue. The calculations performed in this paper
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indicated that a logistic regression model can be used for predicting the operation of a storm
overflow during a precipitation event. The action of an overflow can be modelled based on
the average rainfall intensity and the impervious area of the catchment; this constitutes a
simplification compared to the work of other authors. The logistic regression model has been
verified for different catchment area imperviousness values by means of simulations using a
hydrodynamic model. The produced calculation results confirmed that the approach used in
this paper has a universal nature and can be used for catchment areas with diverse physical-
geographical characteristics.

The paper proves that modifications to the forms of empirical models used for predicting the
parameters of statistical distributions depending on the time, as included in the Monte Carlo
method, allows the modelling of changes in rainfall dynamics, which translates into the
modelling of the number of storm overflows. The performed simulations demonstrated that
the methodology suggested in the paper could be applied to simulations of short- and long-
term rainfall series considering the changes in their dynamics. The suggested computational
methodology has a universal nature and enables its implementation when modelling the
operations of sewage networks and objects located above them while considering changes in
precipitation dynamics.

It was also concluded that the proposed probabilistic model allows the assessment of the
impacts of changes in land development and the dynamics of changes in rainfall intensity in
consecutive years on the occurrence of an overflow in a precipitation event and in a
multiannual aspect. The resulting model allows optimisation of the selection of the concept of
sustainable development for a catchment area, considering, on the one hand, changes in
rainfall dynamics and, on the other hand, the impervious area of the catchment, which so far
has not been studied in detail by other authors. The results produced in this manner confirmed

that the proposed model constitutes a useful tool for analysing the operation of a storm
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overflow (and for predicting the occurrence of a storm overflow) and provides the ability to
test various scenarios involving the development of catchment areas, even at their conceptual
stages.

The performed simulations proved that the dynamics of land development have strong
impacts on the number of overflows and their changes in the following years. The smallest
number of overflows in a multiannual aspect was achieved for scenarios in which the
urbanisation process in the initial period covered by the simulations proceeded slowly. In
contrast, in a scenario in which significant changes take place during the initial period of
urbanisation, the simulation resulted in the largest number of storm overflows.

The yielded results confirmed the impacts of changes in precipitation dynamics in consecutive
years on the probability of the occurrence of a storm overflow, which decreased for moderate
precipitation. In contrast, a considerable increase was recorded in the case of storm overflows
caused by heavy and violent downpours. Therefore, there is a need for further analyses
intended to expand the model described in the present paper by the consideration of other
variables (e.g., the height of the storm overflow), which will allow a dynamic modification of

the operating conditions of the studied storm overflow in a multiannual time interval.
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Appendix

Appendix A. Change of the impervious area of the catchment in the years 2009-2019.

0.6
0.5 - e
0.4 4 o aweet ,.-:“ .

o g o

E 0.3
0.2 1

Imp=0.019x - 37.812
0.1 R'=0.8294; p=0.01
0.0 T T T T T
2008 2010 2012 2014 2016 2018 2020
year
Appendix B. Results of computations of | and ¢ of polynomials.
Degree of K e
a polynomial RMSE AIC R? RMSE  AIC R?

1 0.012187 -21.1118 0.8886  0.008  -28.37 0.5374
2 0.001172 -22.5467 0.9356  0.005 -33.66 0.8574
3 0.010740 -19.1734 0.9498 0.008  -23.16 0.8691
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Appendix C. The values of the Spearman's correlation coefficients between the values of average

rainfall intensity in precipitation events (i) in the consecutive years of a multiannual time interval.

1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976

1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976
1.00 082 084 076 0.70 0.63 051 041 030 021 -0.03 -0.11 -0.20 -0.26 -0.34 -0.41
1.00 0.82 0.81 078 071 0.59 049 037 029 0.04 -005 -0.14 -0.19 -0.28 -0.34

1.00 0.82 0.82 079 067 057 045 037 0.11 0.03 -0.06 -0.12 -0.21 -0.27

1.00 0.84 081 075 064 053 045 0.18 0.10 0.00 -0.05 -0.14 -0.20

1.00 083 081 071 059 0.51 023 0.15 0.05 000 -0.09 -0.16

1.00 0.78 0.78 0.67 058 030 022 0.12 0.06 -0.02 -0.09

1.00 080 0.79 070 041 032 023 0.17 0.08 0.02

1.00 0.79 0.80 051 042 033 027 0.18 0.12

1.00 081 0.61 052 043 037 028 0.21

1.00 0.69 0.60 050 044 035 0.29

1.00 0.82 0.82 0.75 0.65 0.57

1.00 0.80 0.81 0.73 0.66

1.00 0.82 0.80 0.76

1.00 0.81 0.81

1.00 0.81

1.00
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Appendix D. The Iman-Conover (IC) method.

The following conditions must be fulfilled to confirm the correctness of the results produced
by the Iman-Conover method:

o in data resulting from simulations and measurements, the average value and
standard deviations for the investigated dependent variables in samples cannot
differ by more than 5%,

o the theoretical distributions of dependent variables resulting from the simulations
must comply with those resulting from the measurements; to fulfil this condition,
it is recommended to perform the Kolmogorov-Smirnov test, and

o the value of the Spearman's correlation coefficient (R) between dependent
variables (x;) corresponding to the data from simulations cannot differ by more

than 5% from the R value derived from the empirical data.

When the abovementioned conditions are fulfilled, the results of the calculations performed

by means of the IC method may be deemed correct. In contrast, when one of the

abovementioned conditions is not fulfilled, it is necessary to increase the sample size.
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Appendix E. Results of the calculations of test probability values p for selected statistical distributions

(Gumbel, Weibull, Frechet, Gamma).

p-test
Period Gumbel Weibull Frechet Gamma
K-S X2 K-S Xz K-S X2 K-S Xz
1961-1990 0.0048  0.0030 0.0216 0.0210 0.0074 0.0068 0.0185 0.0141
1962-1991 0.0050  0.0021  0.0224 0.0212 0.0065 0.0064 0.0170 0.0123
1963-1992 0.0048  0.0042 0.0234 0.0273 0.0066 0.0053 0.0177 0.0115
1964-1993 0.0059  0.0023 0.0236 0.0214 0.0056 0.0051 0.0195 0.0128
1965-1994 0.0050  0.0034 0.0238 0.0236  0.0055 0.0044 0.0238 0.0211
1966-1995 0.0057  0.0035 0.0222 0.0222 0.0047 0.0042 0.0202 0.0149
1967-1996 0.0041  0.0023  0.0230 0.0243  0.0038 0.0028 0.0194 0.0111
1968-1997 0.0043  0.0022 0.0234 0.0247 0.0037 0.0033 0.0201 0.0148
1969-1998 0.0042  0.0031 0.0234 0.0227 0.0037 0.0031 0.0185 0.0110
1970-1999 0.0029  0.0025 0.0225 0.0221 0.0047 0.0032 0.0177 0.0138
1971-2000 0.0041  0.0027 0.0226 0.0224 0.0038 0.0029 0.0141  0.0129
1972-2001 0.0031  0.0023  0.0241 0.0213 0.0037 0.0028 0.0184 0.0168
1973-2002 0.0047  0.0041 0.0208 0.0249 0.0037 0.0031 0.0220 0.0177
1974-2003 0.0050  0.0032  0.0257 0.0258 0.0046  0.0039 0.0255 0.0211
1975-2004 0.0040  0.0023  0.0265 0.0257 0.0038 0.0042 0.0232  0.0209
1976-2005 0.0058  0.0031 0.0257 0.0253 0.0028 0.0032 0.0197 0.0168
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1056  Appendix F. Multiannual (t = 10 years) characteristics of overflows for imperviousness scenarios I,
1057 IV and V, based on the theoretical distributions of precipitation in the periods from 1990 to 1999 and
1058  from 1996 to 2005: a) the number of overflows; b-d) the probability of the occurrence of a overflow

1059  caused by a moderate (b), heavy (c) or violent (d) downpour.
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Appendix G. Multiannual (t = 10 years) characteristics of overflows for imperviousness scenarios III,
VIII and IX, based on the theoretical distributions of precipitation in the periods from 1990 to 1999
and from 1996 to 2005: a) the number of overflows; b-d) the probability of the occurrence of a

overflow caused by a moderate (b), heavy (c) or violent (d) downpour.
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1068  Appendix H. Multiannual (t = 10 years) characteristics of overflows for imperviousness scenarios II,
1069  VIand VII, based on the theoretical distributions of precipitation in the periods from 1990 to 1999 and
1070  from 1996 to 2005: a) the number of overflows; b-d) the probability of the occurrence of a overflow

1071  caused by a moderate (b), heavy (c) or violent (d) downpour.
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