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Abstract
Revitalization of historical town squares in Poland is frequently related to increase in their paved area combined with decrease 
in the green area and removal of trees. Taking into account increasing number of torrential rainfall events, highly sealed urban 
basins are prone to flooding as a results of distorted hydrologic cycle with elevated runoff, exceeding capacity of existing stor-
mwater systems, combined with limited interception and infiltration. Thus, application of sustainable stormwater management 
in the historical towns centers seems to be reasonable.
This paper presents numerical assessment of changes in water cycle caused by revitalization in the basin of the Lithuanian Square in 
Lublin, Poland. The improvement of water balance due to installation of raingardens, as a popular Low Impact Development designs, 
was also proposed and numerically validated. Numerical simulations were performed in Stormwater Management Model 5.2 by EPA, 
USA for a period 1st April – 30th June 2024. The obtained results, covering accumulated rainwater volume, outflow hydrographs 
and determined runoff coefficients, indicated that rainwater management before and after revitalization performed comparably. 
Installation of raingardens allowed clear improvement in the rainwater balance of the whole studied basin allowing 27.7% decrease 
in total rainwater outflow, decrease in runoff coefficient to 0.476 and changes in hydrographs with peak flows reduced up to 47.45%.

Słowa kluczowe: zlewnia zurbanizowana, bilans wodny, Low Impact Development, ogród deszczowy, modelowanie numeryczne, rewitalizacja

Streszczenie
Rewitalizacja historycznych placów polskich miast jest często powiązana ze wzrostem powierzchni utwardzonej oraz zmniejszeniem udzia-
łu obszarów zielonych oraz usuwaniem drzew. Biorąc pod uwagę wzrastającą liczbę intensywnych opadów, znacznie uszczelnione zlewnie 
zurbanizowane stają się wysoce podatne na podtopienia wynikające z zaburzonego cyklu hydrologicznego o podwyższonym spływie po-
wierzchniowym, przekraczającym wydajność istniejących systemów odwadniających, oraz ograniczonych intercepcji i infiltracji. Zatem, na-
cisk na stosowanie zrównoważonego zagospodarowywania wód opadowych w historycznych centrach miast  wydaje się być uzasadniony. 
Niniejsza praca przedstawia numeryczną ocenę zmian bilansu wodnego spowodowaną rewitalizacją zlewni Placu Litewskiego w Lublinie, 
Polska.  Zaproponowano także, oraz numerycznie oceniono, poprawę bilansu wodnego zlewni możliwą dzięki instalacji ogrodów deszczo-
wych, popularnego rozwiązania Low Impact Development. Obliczenia symulacyjne przeprowadzono w programie Stormwater Management 
Model 5.2, EPA, USA dla okresu 1 kwietnia – 30 czerwca 2024 r. Otrzymane wyniki, obejmujące sumaryczną objętość wody deszczowej, hy-
drogramy odpływu oraz obliczone współczynniki spływu wykazały, że zagospodarowanie wody deszczowej przed i po rewitalizacji funkcjo-
nowało podobnie. Natomiast, zastosowanie ogrodów deszczowych pozwoliło na wyraźną poprawę bilansu wodnego zlewni, umożliwiając 
27,7% zmniejszenie odpływu wód deszczowych, obniżenie współczynnika spływu do wartości 0,476 oraz redukcję przepływów maksymal-
nych o 47,45%.

Numerical assessment of rainwater management in historical 
central town square catchment with different surface sealing

 
Numeryczna ocena zagospodarowania wód opadowych na obszarze zlewni 
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Introduction
Current climate changes, combining elevated air temperature, heat 

waves, prolonged dry periods and increasing number of extreme tor-
rential precipitations may cause the significant problems for urban areas 
and the municipal stormwater systems. In relation to the continuously 
increasing level of urbanization, resulting with increase in the highly 
sealed surfaces area in urban basins, the negative altering of water ba-
lance, resulting in increased runoff generation and limited infiltration 
and groundwater recharge, is possible [2, 5, 6, 8,14]. Thus, during the 
peak flows caused by torrential rainfall events the capacity of existing 
pipelines systems may be exceeded and urban flooding, dangerous for 
property and infrastructure, may be possible [1, 5, 40]. This problem, 
noted in various regions, may be particularly important in the traditional 
pipe-based storm water management and highly sealed historical cen-

ters of the cities, where rainwater was collected by gutters and through 
system of pipelines discharged to the nearest receiver, most commonly 
surface waters [35]. Additionally, such rainwater management may cau-
se the serious threat by a delivered significant load of washed pollutants 
to quality of rainwater receiver waterbody [2]. Moreover, according to 
the European Water Frame Directive [11] control of quantity and quality 
of runoff water should be performed at the local level or as close as 
possible to the source. Thus, introduction of sustainable urban rainwater 
management allowing green cities, with reduced sensitivity to climate 
changes, heat and flooding seems to be necessary [40]. 

Green architecture, combining plants and porous filter media, is 
capable in restoring the alerted water balance of urban catchments 
[2, 5, 26]. The special attention should be given to urban bioreten-
tion systems, including raingardens, [26, 35] usually consisting of 
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also due to their high aesthetic, educational and recreational value 
[7, 36, 38]. The survey performed in selected locations in Australia 
[8] showed a very positive attitude towards raingardens presented 
by most of the respondents.

During the last decades in Poland, the very unfavorable for the 
urban rainwater balance phenomenon was observed in revitalization 
projects, the overuse of concrete or concrete-based pavement in 
a public space, commonly combined with the significant removal 
of green areas and trees. This phenomenon caused so strong public 
reactions that even the new world appeared in the popular and scien-
tific Polish language: “betonoza”, which may be loosely translated to 
English as “concretemania” [15, 18, 21, 23, 29]. The clear examples 
of “betonoza” are presented in Figure 1.

To better understand the variable possible range of selected revita-
lizations and their effects on the urban catchment, the comparison for 
three basins, before and after restoration, was presented in Figure 2.

According to a fundamental paper by Dymek and Jóźwik [10], 
only in Lublin Voivodship 48 projects related to revitalization of 
central squares in 39 towns, covering 40 town squares, were per-
formed in 2000-2020. In all reported cases revitalization covered 
exchange of the existing surface cover to new, frequently based 
on concrete or granite pavements or various size and shape of fla-
gstones. Nearly in all cases, the revitalization was also related to 
increase in highly sealed paved area at the expense of green area and 
trees removal. Exemplary, 80 trees were removed in Dęblin and 58 
in Parczew. The mean increase in paved area of revitalized towns 
squares reached the value of nearly 20%, while in the following 

permeable filter bed layer (various mixtures of sand, soil, compost, 
gravel or demolition wastes) and vegetation layer. Raingardens, as 
installed directly over the soil bed, collect runoff and infiltrate rain-
water through the filter layer to the existing subsoil or, as a possibility, 
to the drainage system. According to the guidelines [27] the area of 
raingardens should constitute 5-10% of the catchment. However, the 
different values were suggested, even up to 20% of dewatered area, 
according to available type of subsoil [32]. Such devices are usually 
associated with the several benefits to the urban basins, inter alia: 
increase in infiltration and evapotranspiration, limiting and delaying 
surface runoff, removing pollutants from rainwater, mitigating urban 
heat and providing biodiversity [1, 25]. The reported maximum le-
vel of runoff reduction possible duet to raingardens installation in 
urban basins reaches the level of 97-98% [36, 42]. However, the 
performance of raingardens should be assessed not only according 
to their environmental sustainability but also regarding the other 
main aspects of sustainability, economic and social. Considering 
main direct economic benefits of raingardens as commonly related 
to preventing flooding leading to damages to buildings and infra-
structure while co-benefits as related to increase in public health, 
lower antrhoporessure on surface waters, reduced stormwater fees 
or taxes, outside co-founding etc. raingardens may be, under certain 
conditions, assumed as cost-effective. However, the result of cost 
and benefits analyses can be different for various locations with 
different climate, subsoils and economy [1, 2, 40]. Raingardens are 
considered as bringing also the social benefits, not only by reducing 
heat islands, improving air quality and benefiting human health, but 

Fig. 1. Examples of revitalized main historical town squares in selected cities in Poland: a) Skierniewice, b) Limanowa, c) Włocławek, d) Lubaczów, modified after [22]
Rys. 1. Przykłady rewitalizacji historycznych placów w wybranych polskich miastach: a) Skierniewice, b) Limanowa, c) Włocławek, d) Lubaczów, opracowano na podstawie [22]
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towns after restoration paved area reached the level of 90-100%: 
Hrubieszów, Janów Lubelski, Krasnystaw (from over 40% to ne-
arly 90%), Parczew (the most extreme example, from below 40% 
to over 90%), Poniatowa, Radzyń Podlaski, Siedliszcze [10]. The 
similar revitalization was also performed during 2016-2017 in the 
capital city of Lublin Voivodeship, where the Lithuanian Square 
was renovated. The green area of square after revitalization was 
reduced from 41.3% to 36.2%, while the increase in paved area 
was observed, from 57.2% to 63.7%.

The presented examples of revitalization of historical central 
places of numerous cities in Poland, rise concerns about unfavora-
ble changes in water balance of urban basins resulting in increased 
surface runoff and possible application of manners restoring, at least 
partially, the distorted hydrologic cycle. Thus, the main aims of this 
paper may be presented as follows:

Numerical assessment of water balance of the main historical town 
square in Lublin, the Lithuanian Square, before and after revitaliza-
tion, during the selected time duration;

Numerical assessment of proposed improvement of hydrologic 
cycle due to installation of raingardens in the selected subcatchments 
of the studied basin.

Materials and methods

Object description

The presented numerical calculations of water balance and rain-
water outflow were performed for the selected highly sealed histo-
rical urban basin of Lithuanian Square (Plac Litewski in Polish) in 
Lublin, Poland. This basin is located in the central part of Lublin and 
covers area of approx. 35 000 m2 (including surrounding buildings). 
The Lithuanian Square, erected in the first half of XIX century, listed 
in the national Register of Historical Monuments [20] is a traditional 
place of state ceremonies and other happenings in Lublin. During 
the period of 2016-17 the square underwent a serious revitalization 
related to extending boundaries for pedestrian movement, removal 
of car traffic, exchange of surface sealing, rearrangement of green 
areas etc. 

The weather conditions in the described object area are charac-
terized [17] by annual precipitation 560 mm and mean annual tem-
perature 7.3 C deg. 

In this paper two versions of Lithuanian Square basin spatial ar-
rangement were considered, before and after the revitalization, both 
of area of 29177.7 m2. The data concerning type and determined 
area of different surface sealing types are presented in Table 1, while 
the orthophotos of the square before and after reconstruction, with 
marked boundaries of the basin, are presented in Figures 3 and 4.

Table 1. Types of surface sealing in Lithuanian Square, Lublin before and after 
revitalization 
Tabela 1. Rodzaje uszczelnienia powierzchni na obszarze Placu Litewskiego 
w Lublinie, przed i po rewitalizacji

Surface saling type Area before 
revitalization (m2)

Actual area (m2)

Green area 12057.70 10572.70

Concrete and granite pavement 6923.00 17221.00

Asphalt pavement 4507.00 0

Fountain 413.00 1384.00

Asphalt road 5277.00 0

Total 29177.70 29177.70

As it can be noted in Table 1 and Figures 3 and 4 the performed 
revitalization resulted in decreased green area by 12.3% and increase 
in the sealed area by approx. 4.5%. The most important changes 
covered increase of fountain area and total removal of asphalt cover 
from the catchment, which was replaced by granite pavement. After 
revitalization all sealed area of the Lithuanian Square is covered by 
granite pavement of various sizes and shapes, presented in Figure 4.

Fig. 3. Orthophoto of Lithuanian Square in Lublin, Poland before revitalization [22]
Rys. 3. Ortofotomapa Placu Litewskiego w Lublinie przed rewitalizacją [22]

Fig. 2. Exemplary cases of historical parts of cities before and after revitalization: 
a) Rzepin, b) Kruszwica, c) Janów Podlaski, modified after [22]
Rys. 2. Wybrane przykłady historycznych obszarów miast przed i po rewitalizacji: 
a) Rzepin, b) Kruszwica, c) Janów Podlaski, opracowano na podstawie [22]
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According to the actually available information [41] rainwater in 
this basin is collected by the PVC (polyvinyl chloride) stormwater 
system and delivered to the municipal network in the 3rd May and 
Radziwiłowska Streets. The total length of the system in the square 
area is 809 m, consisting of the following pipelines 400 mm – 134 
m, 315 mm – 473 m, 250 mm – 152 m, 200 mm – 50 m.

Fig. 4. Orthophoto of the actual conditions of Lithuanian Square in Lublin, after 
revitalization in 2016-2017 [41]
Rys.4. Ortofotomapa aktualnego stanu zagospodarowania Placu Litewskiego 
w Lublinie, po rewitalizacji w latach 2016-2017 [41]

Fig 5. Granite stones and slabs of the actual surface paving in Lithuanian Square, 
Lublin
Rys. 5. Granitowe kostki oraz płyty aktualnego pokrycia powierzchni Placu Lite-
wskiego w Lublinie

Numerical modeling 

Numerical modeling calculations of rainwater management in the area 
of the Lithuanian Square in Lublin were performed in SWMM (Stor-
mwater Management Model) 5.2 by the United States Environmental 
Protection Agency (US EPA) for the real weather conditions registered 
during the period of 90 days, i.e. 3 months, 1st April – 30th June 2024. 

During the tested period, the total sum of 148.00 mm of rain was 
registered by the DAV-6152EU Vantage Pro 2 weather station, by 
Davis Instruments, located in the campus of Lublin University of 
Technology. Table 2 presents the characteristics of notable rainfall 
events of depth greater than approx. 1 mm. Figure 6 shows hyeto-
graphs of selected rainfall events from the studied period.

Table 2. Characteristics of most notable rainfall events from period 1st April – 
30th June 2024
Tabela 2. Charakterystyki najważniejszych opadów z okresu 1 kwietnia – 
30 czerwca 2024

Day Time

Rain 
depth 

Rain 
duration

Rain 
rate

Rainwater unit 
outflow

(mm) (hr:min) (mm/hr) (dm3/(s×ha))

2024-04-02 13:50 8.8 05:15 1.68 4.66

2024-04-05 02:45 5.2 06:10 0.84 2.34

2024-05-22 17:20 1.6 01:20 1.20 3.33

2024-06-07 18:50 2.8 00:20 8.40 23.33

2024-06-09 05:35 8 02:25 3.31 9.20

2024-06-10 07:45 6.2 00:40 9.30 25.83

2024-06-10 15:10 6.6 00:35 11.31 31.43

2024-06-10 16:35 19.8 01:40 11.88 33.00

2024-06-13 08:20 2 00:40 3.00 8.33

2024-06-13 13:40 4.6 01:45 2.63 7.30

2024-06-13 18:25 1.8 00:30 3.60 10.00

2024-06-13 19:40 0.8 00:15 3.20 8.89

2024-06-13 22:10 1.2 01:05 1.11 3.08

2024-06-16 19:45 3.6 00:45 4.80 13.33

2024-06-16 21:55 1.2 00:25 2.88 8.00

2024-06-19 22:20 2.6 00:15 10.40 28.89

2024-06-19 23:20 1.2 00:30 2.40 6.67

2024-06-22 12:15 14.2 00:10 85.20 236.67

Fig. 6. Hyetographs of selected ra-
infall events: a) 9th June 2024, b-d) 
10th June 2024
Rys. 6. Hietogramy wybranych 
opadów: a) 9 czerwca 2024, b-d) 
10 czerwca 2024
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There were three variants of rainwater management in the 
catchment of Lithuanian Square in Lublin tested in this paper: 

Variant I, the historical variant assuming the spatial arrangement 
of the basin before revitalization in 2016-2017, the developed nu-
merical model presented in Figure 7 consists of 53 subcatchments.

Variant II, the actual rainwater management, after revitalization in 
2016-2017, the model, shown in Figure 8, due to more complicated 
spatial arrangement was divided into 87 subcatchments.

Variant III, assuming tests of possible improvement of urban 
basin water balance due to Low Impact Development designs, i.e. 
raingardens, introduction. For six highly sealed subcatchments of 
total area 9128 m2, see Figure 9, the raingardens of total area 595 m2,
constituting approx. 6.5% of dewatering basin [9, 27], were designed. 

Table 3. Input data for stormwater runoff modeling 
Tabela 3. Dane wejściowe przyjęte do modelowania spływu powierzchniowego

Parameter Unit Value 

Average surface slope (%) 0.20 – 3.50

Width of overland flow path (m) 1.00 – 50.00

Manning’s n for impervious area (s/m1/3) 0.012

Manning’s n for pervious area (s/m1/3) 0.15

Depth of depression storage on impervious 
area

(mm) 1.50*

Depth of depression storage on pervious 
area

(mm) 4.50*

Percent of impervious area with no 
depression storage

(%) 50.00*

*Values   adopted based on literature data [34]

In all tested cases the same underground system of stormwater 
PVC pipelines was assumed, with 47 links, 33 nodes and two out-
flows. The assumed Manning’s coefficient of roughness for the pipes 
was 0.015 s/m1/3.

The input data accepted for modeling are presented in Table 3 
while the assumed infiltration rate values for the surface sealing 
materials were based on literature [3, 13] and are presented in Table 
4. Table 5 presents assumed data for raingarden modeling. Basing on 
information provided by The Polish Geological Institute – National 
Research Institute the local soil, as a storage layer, was assumed as 
silt loam with particle size composition: sand 30%, silt 52%, clay 
18% [16]. The raingarden was designed as 300 mm layer of ceramsi-
te, dolomite, compost and coarse-grained sand substrate covered 
by vegetation layer. The scheme of proposed raingarden layout is 
presented in Figure 10. The initial saturation of raingarden substrate 
was selected as 30%, i.e. 0.3 m3/m3.

Table 4 Infiltration rate values for various type of surface sealing assumed to 
calculations [24, 33]
Tabela 4. Przyjęte do obliczeń wartości prędkości infiltracji uszczelnienia pow-
ierzchni [24, 33]

Surface Minimal Infiltration 
rate

Maximal Infiltration 
rate

(mm/hr) (mm/hr)

Green area 8.57 75

Granite paving slabs 0.36 1.5

Granite and concrete 
paving stones

0.42 31.3

Asphalt pavement 0.04 0.36

Fountain 0 0

Asphalt road 0.04 0.36

Table 5. Input data assumed to raingarden modeling, combined after [12, 34].
Tabela 5. Dane wejściowe założone do modelowania ogrodu deszczowego, 
opracowano na podstawie [12, 34]

Surface

Berm height (mm) 300

Vegetation volume fraction (-) 0.15

Surface Roughness (s/m1/3) 0.24

Surface slope (%) 0.5

Soil

Thickness (mm) 300

Porosity (volume fraction) (m3/m3) 0.527

Field capacity (volume fraction) (m3/m3) 0.42

Wilting point (volume fraction) (m3/m3) 0.276

Conductivity (mm/hr) 421.2

Conductivity slope (-) 29.7

Suction head  (mm) 167.25

Storage

Seepage rate (mm/hr) 8.57

Fig. 7. Numerical model of past spatial arrangement of studied urban catchment, 
before revitalization in 2016-2017
Rys. 7. Model numeryczny przeszłego ukształtowania przestrzennego badanej 
zlewni miejskiej, przed rewitalizacją w latach 2016-2017

Fig. 8. Numerical model of the actual spatial arrangement of the Lithuanian Square 
catchment, after restoration in 2016-2017
Rys. 8. Model numeryczny aktualnego ukształtowania przestrzennego badanej 
zlewni miejskiej, po przebudowie w latach 2016-2017
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Fig. 9. Numerical model of the actual spatial arrangement of studied catchment with propo-
sed raingardens application in six subcatchments, marked as No. 60, 62, 77, 78, 86 and 87
Rys. 9. Model numeryczny aktualnego ukształtowania przestrzennego badanej zlewni 
miejskiej wraz z zaproponowanymi ogrodami deszczowymi w 6 zlewniach cząstkowych, 
oznaczonych jako 60, 62, 77, 78, 86 i 87

Fig. 10. Scheme of raingarden accepted to Variant III of numerical simulations
Rys. 10. Schemat ogrodu deszczowego przyjętego do Wariantu III obliczeń symu-
lacyjnych

Analysis of urban water balance in the studied basin was based 
on determined volume of total rainwater outflow from the catchment 
and hydrographs of rainwater outflow for selected rainfall events, for 
all tested variants, respectively. Additionally, in order to assess the 
influence of raingarden introduction, the water balance of selected 
subcatchments was analyzed and the resultant runoff coefficient was 
determined. Statistical analysis of the obtained results, apart from 
determination of basic statistics, was, after testing the normality of 
variables distribution, by Shapiro-Wilk test, focused on checking the 
statistical significance of observed differences between time-related 
rainwater outflow using the suitable test. These tests were performed 
for two pairs of distribution: hydrographs for Variants I and II (the 
historical and actual surface sealing) as well as Variants II and III (the 
actual and modified by LIDs rainwater management).

Results and discussion

Figure 11 shows values of accumulative volume of rainwater col-
lected by stormwater system from the tested basin of the Lithuanian 
Square in Lublin for all three variants of rainwater management 
calculated for the period 1st April – 30th June 2024. It is visible 
that the difference between rainwater volume for Variants I and II, 
reflecting the historical and actual rainwater management, is rather 
low, equal approx. 3%. The significant 27.7% change in rainwater 
outflow volume is visible only in case of Variant III, after introducing 
raingardens to the selected subcatchments. Taking into account the 
area of studied catchment, i.e. 29177.7 m2, the runoff indicator may 
be calculated as 100.36 mm, 97.32 mm, 70.39 mm, respectively for 
Variants I, II and III. Which in turn allows to determine the resultant 

runoff coefficient for the whole catchment, three tested variants and 
the studied time duration: 0.678, 0.658 and 0.476, respectively. Thus, 
it may be observed that the resultant values of runoff coefficient for 
surface sealing for the historical and actual special arrangement, befo-
re and after revitalization, are comparable, despite reduced green area 
after restoration. The sustaining of the comparable value of runoff 
indicator and runoff coefficient was possible, in our opinion, due to 
increase in the area of fountain and total removal of hardly perme-
able asphalt cover and replacing it with more permeable pavement 
of spaced granite blocks allowing infiltration. On the other hand, the 
above presented results show the significance of LIDs introduction to 
urban rainwater management in order to reduce the runoff generation 
and discharge to municipal stormwater system.

Fig. 11. Calculated rainwater volume collected by drainage system in studied 
catchment during period 1st April – 30th June 2024
Rys. 11. Obliczona sumaryczna objętość wody deszczowej odprowadzonej przez 
system odwadniający badanej zlewni w okresie 1 kwietnia – 30 czerwca 2024

Figure 12 presents hydrographs of rainwater outflow through the 
stormwater system from selected rainfall events of various intensity 
and time-related distribution for all studied variants of rainwater ma-
nagement. There are visible similarity in rainwater outflow distribution 
curves for Variant I and II for rainfall events of intensity below approx. 
10 mm/hr (Figure 12 a, b and d), thus under these conditions both va-
riants performed comparable. Visible differences in peak flows, shown 
also in Table 6, may be noted for rainfall events of intensity reaching 
over 25 mm/hr, which may be related to reduced infiltration capability 
of the historical surface sealing, based in huge part on asphalt cover, 
reflected in Variant I. In all tested cases, for all presented rainfall 
events, the proposed Variant III, in which raingardens were introduced, 
was characterized by the lowest value of simulated rainwater outflow.

Table 6. Peak flows of rainwater outflow during rainfall events presented in Fig. 12
Tabela 6. Przepływy szczytowe odpływu wód deszczowych w czasie opadów 
przedstawionych na Rys. 12

Rainfall 
event

Peak flow (dm3/s) Peak flow decrease

Variant I Variant II Variant III Variants 
I and II

Variants II 
and III

2nd April 11.69 11.22 6.53 4.02% 41.80%

9th June 50.62 51.23 29.87 -1.21% 41.69%

10th June 593.3 483.33 334.96 18.54% 30.70%

16th June 22.4 21.4 12 4.46% 43.93%

19th June 161.24 112.44 59.09 30.27% 47.45%

Considering the possible improvement of the actual rainwater 
management in the tested basin, it should be noted, as it is visible in 
Table 12, that application of the typical LID devices, raingardens, 
to the selected highly sealed subcatchments allowed the significant 
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decrease of not only the total volume of discharged rainwater (Figure 
11) but also the 30.70-47.45% reduction of its peak flows. Thus, the 
proposed installation of raingardens should be assessed positively, 
during the researched time duration. The above observations are in 
agreement with numerous literature reports suggesting introduction 
of various designs of green architecture to highly urbanized basins 
[7, 30, 37], including also the positive, based on simulations and 
in-situ studies, assessment of hydrologic function of raingardens 
[5, 9, 26, 39]. 

The performed statistical analysis of variables distribution norma-
lity based on Shapiro-Wilk test showed in all cases value of p<0.05, 
thus, the null hypothesis of test was rejected and all the studied data 
were recognized as not normally distributed. As a result, the non-pa-
rametric Wilcoxson test for dependent samples was used to compare 

differences between hydrographs for two pairs of distributions: Va-
riant I and II as well as Variant II and III. According to the obtained 
results the change in surface sealing after revitalization (Variants 
I and II) did not resulted in statistically significant change in me-
dian of rainwater outflow time-related distribution. On the contrary, 
changes caused in hydrographs related to raingardens introduction 
in the selected subcatchments (Variants II and III) were assessed as 
statistically significant. 

To better understand the possible impacts of raingardens in highly 
sealed subcatchments, the components of rainwater balance for the 
selected basins, determined for Variants II and III, were presented 
in Figure 13. As it is visible, the calculated runoff for Variant II 
varied in the approx. range 95-98% of water balance, while the sum 
of evaporation and infiltration covered the remaining approx. 2-5%. 

Fig. 12.  Selected simulated hydrographs of rainwater outflow from the studied catchment for all tested variants of rainwater management: a) 2nd April 2024; b) 9th June 
2024; c) 10th June 2024; d) 16th June 2024; e) 19th June 2024
Rys. 12. Wybrane modelowe hydrogramy odpływu wód deszczowych z badanej zlewni dla wszystkich założonych wariantów zagospodarowania opadu: a) 2 kwietnia 
2024; b) 9 czerwca 2024; c) 10 czerwca 2024; d) 16 czerwca 2024; e) 19 czerwca 2024
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After installation of the proposed raingardens the values of particular 
components of water balance changed clearly. The increased 88-91 
mm of infiltration accompanied with 7-9 mm of evaporation were 
observed which resulted in runoff depth reduced to approx. 49-56 
mm. Figure 14 shows determined valued of runoff coefficients for 
the selected subcatchments in Variant II and Variant III, i.e. the actual 
rainwater management and after raingardens installations. It may be 
noted that for the studied subcatchments and tested time duration in 
all cases the runoff coefficient was reduced from the level 0.95-0.98, 
typical for the highly sealed surface and compared to impermeable 
concrete and asphalt cover [28], to values in range 0.33-0.38, which 
may be related to typical values for single-family residential districts 
[4, 19, 31]. 

Conclusions

The performed numerical study concerning rainwater balance for 
the Lithuanian Square in Lublin, Poland, for a selected time duration, 
the actual climatic conditions and various manners of rainwater ma-
nagement allowed to draw the following conclusions:
• Two tested variants of rainwater management, the historical (be-

fore revitalization in 2016-2017) and the actual (after restoration) 

assessed by rainwater outflow volume and ti-
me-related hydrographs performed compara-
bly during the simulated period;

• The visible differences in rainwater hydro-
graphs peak flows were noted only for the 
intense rainfall events with rain rate over 25 
mm/hr for which the historical surface sealing 
based on asphalt cover generated greater out-
flow;

• The comparable values of determined runoff 
coefficient for the historical and the actual sur-
face sealing, 0.678 and 0.658, respectively, 
were, despite reduced green area, resultant 
inter alia from the total replacement of hardly 
permeable asphalt cover by more permeable 
spaced granite pavement;

• Introduction of raingardens, with approx. 
6.5% area share, in the selected highly sealed 
subcatchments clearly improved the rainwater 
balance of the whole studied basin allowing 
27.7% decrease in total rainwater outflow, lo-

Fig. 14. Calculated runoff coefficients for selected subcatchments with actual rainwater management and 
after raingardens application
Rys. 14. Obliczone współczynniki spływu dla badanych zlewni cząstkowych przy aktualnym zagospo-
darowaniu wód deszczowych oraz po instalacji ogrodów deszczowych

Fig. 13. Determined components of water balance for six selected subcatchments: a) Variant II with actual rainwater management; b) Variant III with raingardens applied 
Rys. 13. Obliczone składniki bilansu wodnego dla sześciu wybranych zlewni cząstkowych: a) Wariant II (aktualne zagospodarowanie wód opadowych); b) Wariant III 
(zastosowanie ogrodów deszczowych)

wer runoff coefficient, i.e. 0.476, changes in hydrographs and 
reduced by 30.70-47.45% peak flows;

• Application of raingardens in highly sealed subcatchments due 
to calculated clear increase in infiltration allowed reduction of 
their runoff coefficient values to the level 0.33-0.38 typical for 
single-family residential basins;

• The results of performed numerical simulations proved useful-
ness of Low Impact Development green architecture devices in 
sustainable rainwater management of urban basins allowing the 
partial restoration of the distorted water balance;

• In our opinion, each case of revitalization of historical basins 
located in centers of cities should be supported by assessment of 
possible resultant changes in their water balance and oriented to 
restoration of distorted water balance;

• The numerical model used in this study was not calibrated, due 
to the objective causes, thus, the presented research should be 
treated as preliminary;

• The presented study of possible selected LIDs application in urban 
basin should be extended by assessment of biodiversity improve-
ment, urban heat island effect mitigation, social acceptance and 
economic efficiency to allow as full sustainability assessment as 
possible;
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• Our studies should be continued for the longer periods with differ-
ent climatic conditions and monitored rainwater outflow allowing 
calibration of the model. 
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