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Abstract. The progressing process of urbanization causes areas that were 
once previously green to turn into areas with a high rate of runoff. For this 
reason, all activities aimed at the alternative management of rainwater in 
the city are extremely important. The aim of the work is to compare the 
share of rainwater management in urban catchments to various alternative 
forms of management of these waters (including rain gardens and green 
roofs). The paper compares the outflows from the sample catchment with 
different runoff coefficients and after the implementation of various Low 
Impact Development (LID) practices to the catchment. The calculations 
were carried out using the Storm Water Management Model (SWMM) 
program version 5.1.012 with LID controls developed by the United States 
Environmental Protection Agency (US EPA). The rainfall data used to 
carry out the simulation was derived over the last three years from the 
meteorological station in Krakow. 

1 Introduction  
The progressive process of urbanization results in the size of impervious areas in settlement 
units significantly increasing. This also means an increase in the runoff coefficient. New 
investments are created, including those of a commercial and business nature. 

At the same time, climate change is taking place in the world, the effects of which are 
particularly noticeable in cities. The document [1] presents an analysis of trends in climate 
change in Poland by 2030. The expected annual rainfall amounts do not show any clear 
trend, however, the increasing frequency of torrential rainfall should be taken into account. 
Taking into consideration the expected spatial diversification of the climatic conditions in 
Poland, it should be noted that an increase in the frequency of downpour rains (> 20 
mm/day) in southern Poland should be expected [1]. 

For these reasons, it is extremely important to adapt cities to climate change and to 
intensify all activities aimed at this goal. In 2013, a document [1] was adopted in Poland, 
which is part of the European Union's policy in adapting Europe to climate change. 

The possible effects of the described climate changes in urbanized areas may include 
local floods and urban floods. In Poland, the nineteenth-century principle of the "end of the 
pipe" is still predominant, which consists in draining rainwater from the city as quickly as 
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possible [2]. An efficient sewage system with adequate capacity is not a sufficient solution, 
because the attention should be paid to whether the rainwater receiver is able to receive this 
amount of rainwater. In addition, adjusting the existing sewage system by increasing its 
efficiency is a very difficult task, if not impossible within the central parts of cities. It 
should also be borne in mind that the combined sewage system dominates in the downtown, 
which means that rainwater directed to the network is mixed with sanitary sewage and then 
directed to wastewater treatment plants. It is very costly to treatment the volume of 
wastewater generated by rainwater. 

Therefore, it is looking for alternative ways to manage rainwater. Special attention has 
been given to green infrastructure. From the perspective of one of the documents 
concerning the adaptation of cities to climate change [3], the creation of green 
infrastructure is indicated as one of the example adaptation measures for the area at risk of 
urban flooding. It is treated as a "win-win" option where, while minimizing the sensitivity 
to the effects of climate change, additional benefits in the social, ecological or economic 
sphere are obtained [3]. 

For these reasons, the paper considers the use of selected forms of green infrastructure 
(green roofs and rain gardens) in urbanized space. The aim of the modelling was to estimate 
what changes in the outflow from the example catchment can potentially be obtained by 
implementing sustainable rainwater management systems into an initially impermeable 
area. The benefits that can be obtained by such modernization were also determined. The 
rainfall data from one of the cities in southern Poland was used in the simulation.  

1.1 Selected sustainable rainwater management methods 

One of the possibilities of action for the adaptation of cities to the effects of climate change 
is alternative ways of rainwater management. Recently, the name sustainable water 
management has started to become adopted in Poland; while in the United States they are 
called low impact development practices (in short LID) [4]. Sustainable development in the 
field of rainwater management can be implemented by applying natural management 
methods, as well as using sewage infrastructure with accompanying appliances [5].  
Retention is mainly used for delaying and extending the time of rainwater outflow to 
receiver’s water or to infiltration devices [4]. Among the devices for the sustainable 
management of rainwater, one can distinguish those that use surface infiltration, infiltration 
with underground retention, infiltration with surface retention and only retention (without 
infiltration) [4, 8]. 

Green roofs and rain gardens belong to the bioretention systems using infiltration with 
surface retention [4]. They are included in LID practices. Green roofs are a solution widely 
discussed in the technical literature, and works [4, 5, 6, 7, 8, 9, 10, 11] can be given as 
examples. There are also guidelines and design rules [i.e. 12, 13]. Green roofs can be 
defined as places on the structure of buildings that recreate natural ground conditions and 
allow the permanent creation of biologically active areas [6]. They consist of several layers 
together with the ground soil on which vegetation is planted [4]. They can reduce the 
outflow of rainwater to the sewage system by up to 100% [6]. 

Another LID practice is rain gardens, which are gradually gaining more popularity. As 
an example, in 2015 in Lodz six rain gardens was realized near facilities available to the 
public [3, 14]. Rain gardens are made as natural or artificial depressions which retain water 
in a temporary manner [4]. They are mainly used to manage rainwater flowing from the 
surface up to 1 hectare. Rain gardens are used as solutions for taking over the flow, for 
example from parking lots or a shared zone [6]. They allow for the management of 
rainwater in the place of precipitation through its infiltration into the soil [4]. Their task is 
the storage of water during rainfall and groundwater supply through infiltration and 
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improvement of outflow quality [6].  This LID practice minimize the amount of rainwater 
entering the sewage system [4]. 

According to the documentation of the simulation program [15], rain gardens are types 
of bio - retention cells consisting only of the designed layer without a gravel bed below 
them. Rain gardens with a more complex structure are often simply called bioretention cells 
[16]. 

1.2 Software for rainwater runoff quantity simulation 

In the 21st century, the modelling of various phenomena and processes is an indispensable 
tool supporting planning, design and management in civil and environmental engineering. 
Modelling to assess the hydraulic performance of alternative forms of rainwater 
management is a task supporting their introduction into urban space. There are many 
programs that allow the simulation of outflow from catchments, both free and commercial. 

One of the most popular modeling applications is the software of the United States 
Environmental Protection Agency - Storm Water Management Model (US EPA SWMM). 
It is a dynamic rainfall - runoff simulation model allowing, among other things, the 
simulation of the outflow from a basin [15]. This application can be used not only to 
support the design and analysis of rainwater drainage, but also the combined and sanitary 
sewerage [15, 17]. From version 5.0.019, LID controls are available in the program. 
Currently, this program enables the modeling of eight forms of green infrastructure (LID 
practices). These include [15]: 
- green roofs 
- rain gardens 
- rain barrels or cisterns 
- bioretention cells (or bio-swales) 
- vegetative swales 
- infiltration trenches 
- rooftop (downspout) disconnection 
- continuous permeable pavement systems. 

An interesting solution is also the utility of the software in the form of a Climate 
Adjustment Tool (CAT). This tool makes it possible to incorporate future climate change 
projections into the model [18]. Also important in the program are various approaches to 
taking into account the role of permeable surfaces in the modelled catchment. LID controls 
can be introduced in two ways - locating them in an existing catchment or creating a new 
catchment for them. An alternative method is to use Sub-Area Routing. Thanks to this 
function, it is possible to direct the outflow from impermeable surfaces to the permeable 
catchment surfaces, and only then to the outflow. This approach allows green infrastructure 
practices modeling, but it is not as flexible as creating an additional catchment [19]. 

Another program that allows the modelling of selected forms of green infrastructure is 
The Green Infrastructure Flexible Model (in short GIFMod). It allows the creation of 
conceptual models of selected forms of green infrastructure for predicting their hydraulic 
performance. With its help, it can be modelled, among others, bioretention, green roofs, 
vegetated swales or rain barrels [20]. More information could be found in the work [21]. 

2 Research methodology  

Rainfall data was obtained free of charge from the Institute of Meteorology and Water 
Management - National Research Institute (IMGW-PIB) in Warsaw [22]. The analysed data 
covered 10 - minute sums of rainfall in Kraków from the Wola Justowska station over the 
last three years, that is the period from January 1, 2015 to December 31, 2017. On their 
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basis, a graph of precipitation dependence over time was made. Then, the rainfall event in 
which the highest 10 minutes sum of precipitation occurred was selected. The rainfall data 
subjected to initial analysis is shown in Fig. 1. For modeling, the rain was selected from 
July 20, 2015, which took place from 1:40 pm to 2:00 pm. Rainfall occurred both before 
and after the described precipitation. Due to the very short breaks (not exceeding 30 
minutes) - they were also included in the simulation. The total amount of precipitation was 
51.6 mm, and their duration covered 110 minutes (with breaks) from 1:20 pm to 3:10 pm. 

 
Fig. 1. A graph showing 10-minute sums of precipitation from the Wola Justowska station in Kraków 
for the period January 1, 2015 - December 31, 2017. Own elaboration based on data from [22]. 

The standard Microsoft Office Excel software was used for the rainfall analysis, while 
the United States Environmental Protection Agency's Storm Water Management Model, 
version 5.1.012 downloaded from [16] was used for modeling. 

Due to the presence of a large number of shopping centres in the city with surrounding 
areas containing a high runoff coefficient, an exemplary catchment with an area of 1.5 ha 
was adopted for simulation.  It was assumed that it is the location of a shopping centre with 
10050 m2 of building area and a car park. Estimates of the lot area and retail facility were 
based on publication [23]. For simplicity, the original runoff coefficient of 1.0 was assumed 
(completely impervious catchment). It was also settled that the catchment is served by the 
separate sewerage system. Only the separate storm sewer system is included in calculations. 

Four variants were adopted for which calculations were carried out. A catchment was 
prepared for each variant. An impervious catchment (subcatchment A1) was introduced 
with a runoff coefficient of 100% and a catchment with a green roof for 67% of the area, 
which corresponds to the building area (A2 subcatchment). This green roof had a layer of 
soil located on a special drainage mat. The soil layer thickness was assumed to be 76.2 mm. 
Its porosity was 0.5 and the wilting point 0.05 (as fractions).The thickness of drainage mat 
was 50 mm. In addition, a third catchment was created with a rain garden on 10% of its 
surface (A3). The garden was implemented in the parking lot as 4 similar units with a width 
of 5 m. It has been assumed that 10% of the runoff from the impervious surface will be 
directed to this form of green infrastructure. In addition, another catchment was added 
(A4), where the green roof was implemented with the rain garden together. Each catchment 
occupies the same total area. The green roof and rain garden were introduced into the 
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directed to this form of green infrastructure. In addition, another catchment was added 
(A4), where the green roof was implemented with the rain garden together. Each catchment 
occupies the same total area. The green roof and rain garden were introduced into the 

existing catchment as LID controls. The size of the introduced forms of green infrastructure 
differ, which results from the adaptation to the assumed possibilities of their 
implementation in the catchment. The rainwater drainage system for each variant of the 
catchment is the same and consists of a two circular conduits with a diameter of  700 mm 
arranged with a slope. Rainwater flows through the sewer to the open channel marked as 
the outfall. The runoff from each catchment was a simulated response to a rainfall event 
with a total height of 51.6 mm and a duration of 110 minutes. 

3 Results 
On the basis of the adopted methodology, input data for the EPA SWMM application for 
four variants of the basin were introduced and simulations were carried out. Due to the use 
of green infrastructure and the possible extension of the outflow time from the catchment, a 
simulation period of four hours was assumed. The beginning of the rain is also the 
beginning of the simulation. In order to minimize continuity errors, a small time interval 
was used. Dynamic Wave was chosen as the Flow Routing Method. The absolute value of 
continuity errors did not exceed 0.15%. 

Fig,. 2 presents a comparison of the rainwater runoff from three catchment variants (A1, 
A2 and A3) including a plot of land with a shopping facility and a car park. The graph was 
generated by the EPA SWMM software. 

 
Fig. 2. Comparison of a graph of the rainwater runoff from three catchment variants (A1, A2 and A3) 
with a shopping centre and a parking lot, using EPA SWMM software. 

Capacity of main sewers was sufficient for the maximum flows. No surcharged effects 
occurred. In analysing the obtained simulation results, it can be noted that the flow in the 
separate storm sewer system of the subcatchment with the rain garden (A3) disappears after 
30 minutes from the end of the downpour and into the impermeable catchment (A1) 5 
minutes later. The flow in the drainage channel from the catchment with a green roof 
disappears only after 1 hour 35 minutes from the end of the rainfall. In Fig. 2, it can be seen 
that after about 3.5 hours of simulation no flow is observed. The introduced forms of green 
infrastructure have caused a significant reduction in the peaks of the runoff. For the peak of 
rainwater flow a reduction of over 67% for green roofs and  by 20% for rain gardens was 
obtained. The reduction of the total runoff has also been achieved. It was almost 20% in the 
case of the rain garden and over 34% in the case of the green roof.Taking into account that 
the surface of the entered rain gardens constitutes only 15% of the green roof area - they are 
also an effective solution. Unfortunately, the downside is the fact that there is no possibility 
of introducing rain gardens on surfaces comparable in size to the green roof in the analysed 
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case. It should be noted that the outflow from the catchment with the green roof generally 
and significantly reduced the outflow from the catchment, however at the end of the 
simulation the flow was slightly larger than the outflow from the sealed catchment. This is 
caused by the extended outflow time from the green roof. Confining walls  of green roof 
were present, but overflow did not occur. Berm height was assumed above 75 mm. 

Fig. 3 presents a comparison of graphs of the rainwater runoff from two catchment 
variants (A1 and A4) with a shopping centre and parking lot, using SWMM EPA software. 
In the case of the intensification of rainwater management using green infrastructure, i.e. 
the introduction of a green roof and rain garden (subcatchment A4), the peak runoff from 
the catchment was reduced to the value of 23% of flow from the impervious catchment. 
The flow in the sewer disappeared after the same time as in the case of using only the green 
roof. Equipping the catchment with the green roof and the rain garden resulted in 
a reduction of the peak flow by over 28% in relation to the use of only the green roof. 
When applying certain LID practices, it is possible to consider reducing the capacity of the 
originally adopted rainwater channel.  

 
Fig. 3. Comparison of a graph of the rainwater runoff from two catchment variants (A1 and A4) with 
a shopping centre and car park, using EPM SWMM program. 

4 Summation and conclusions 
The study showed what impact the introduction of LID practices could have on the existing 
impermeable catchment. It was confirmed in the simulations that LID practices have an 
essential impact on the rainwater runoff  from the catchment and the parameters of 
functioning of the sewage system (especially flow rate). 

The use of alternative methods of rainwater management resulted in a significant 
reduction of the peak flow in the sewage system. In addition, a reduction in the amount of 
rainwater directed to the sewerage system was obtained. The introduction of a larger 
number of sustainable rainwater management systems in a given area results in a distinct 
decrease of peak flows and a reduction of the rainwater quantity directed to the sewerage 
system.  

It should be borne in mind that not every LID practice can be applied anywhere and on 
any large catchment area. For example, it is not possible to use a rain garden in the 
analyzed catchment in such a large area as a green roof. This would result in the loss of 
parking spaces. 

The parameters determining the conditions for the implementation and functioning of 
a given LID practice in the basin are of key importance in the reduction of peak rainwater 
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rainwater directed to the sewerage system was obtained. The introduction of a larger 
number of sustainable rainwater management systems in a given area results in a distinct 
decrease of peak flows and a reduction of the rainwater quantity directed to the sewerage 
system.  

It should be borne in mind that not every LID practice can be applied anywhere and on 
any large catchment area. For example, it is not possible to use a rain garden in the 
analyzed catchment in such a large area as a green roof. This would result in the loss of 
parking spaces. 

The parameters determining the conditions for the implementation and functioning of 
a given LID practice in the basin are of key importance in the reduction of peak rainwater 

flow. When using some LID practices, it is possible to consider reducing the diameter of 
the originally designed sewer. 

The modeling the runoff of rainwater with the use of the software like the EPA SWMM 
can be an auxiliary tool in estimating the outflow from the catchment and making decisions 
on the choice of rainwater management in a particular area. The software allows, among 
other things, checking the functioning of the sewerage system when introducing a given 
rainfall event. 
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