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Abstract: In order to maximise the benefits of green infrastructure in a city’s structure for urban
adaptation to climate change, there is a need to support decision-makers in the urban design domain
with adequate information that would help them to locate such green infrastructure in the most
suitable places. Therefore, the aim of this study was to develop a novel decision support system
(DSS) for the location of green infrastructure. The goal of the designed solution is to inform users
about the location of urban hydrological sinks, which gather stormwater in urban watersheds,
and the amount of water which could accumulate in each location depending on the defined
precipitation and the soil’s moisture conditions. The designed DSS is based on a multicomponent
methodology including both atmospheric and soil conditions. The DSS was tested using a sample
that presents the results of stormwater accumulation calculations. The obtained results show which
green areas are the most suitable locations for green infrastructure solutions and which facility is
optimal because of its retention abilities and amount of accumulated stormwater. The application of
the designed DSS allows us to maximise the benefits of the implementation of green infrastructure
within the existing urban land use. The fully editable component of hydrological conditions allows for
testing projections of the potential amount of accumulated water in different precipitation scenarios.
The study provides a DSS for use by local authorities which enables them to concentrate actions
in order to better adapt cities to climate change and environmental extremes.

Keywords: decision support system; green infrastructure; stormwater management; sustainable
urbanisation; urban adaptation; climate change; environmental management; what-if
scenario analysis

1. Introduction

Climate change could have a significant impact on urban socio-environmental systems [1-3],
which impact over half of the global population [4]. There are many different environmental
aspects that influence the urban metabolism which are mainly related with temperature [5-8],
atmospheric precipitation [9-13], or the synergy between climate elements and human activity [14,15].
In order to reduce the urban vulnerability to these phenomena, a new pathway for cities is promoted
on the supranational level—one which is based on urban adaptation to climate change [16-18].
Urban adaptation to climate change refers to the ability to cope with more frequent and extreme
weather events and everyday weather conditions [19]. In order to adapt our cities to climate
change, the implementation of both technological and nature-based solutions should increase urban
resilience to extreme weather events and the ability to deal with their unfavourable effects on the urban
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metabolism [20,21]. Additional changes in the urban built environment can be made through different
land use patterns [22-24]. The monitoring of changes in the built environment can be carried out by
integrating new technologies [25,26] and can therefore help support decision-makers with detailed
information presented in clear and visible ways [27]. The development of sustainable land use rules
and guidelines for local authorities is an area of investigation that is currently receiving much attention
in academia [28-33]. As a result, green investments should reduce environmental threats to human life
and health as well as their properties [34-37], increasing the quality of life of citizens [38—40].

One of the solutions applied in urban adaptation to climate change is the implementation of green
infrastructure within a city’s structure. Green infrastructure is defined in the European Strategy on
Green Infrastructure as “a strategically planned network of high-quality natural and semi-natural areas with
other environmental features, which is designed and managed to deliver a wide range of ecosystem services
and protect biodiversity in both rural and urban settings” [41]. This definition is relatively wide and
encompasses many environmental aspects which can be classified as ecosystem services. However,
among some groups of specialists, green infrastructure can be treated mostly as a solution for one major
issue, while other functions are only supplementary. The United States Environmental Protection
Agency stated that “green infrastructure is a cost-effective, resilient approach to managing wet weather impacts
that provides many community benefits” [42]. It is an alternative to the single-purpose grey stormwater
infrastructure, which is conventionally designed as a piped drainage and water treatment system to
move urban stormwater away from the built environment. Green infrastructure reduces the amount of
stormwater and treats it as a source while delivering environmental, social, and economic benefits [42].

2. Literature Review

The following section presents a review of the different benefits of green infrastructure solutions
in urban structures as well as guidelines and tools which are developed in order to enhance the
implementation of green infrastructure solutions.

As mentioned in the introduction, there are a number of benefits to green infrastructure which
might be crucial in creating sustainable cities. The case of the United States Environmental Protection
Agency shows that the main benefit is the mitigation of risks and losses caused by stormwater
(moderation of extreme events in general), which is classified under regulation services. However,
there are also other benefits to the implementation of green infrastructure. Additional regulating
services may influence the local microclimate in terms of thermal comfort [43,44], carbon sequestration
and storage [45,46], or waste water treatment [47]. Besides regulating services, there are also habitat or
supporting services, like the restoration or preservation of ecosystems and their biodiversity [48,49]
and the improvement of landscapes [50], as well as cultural services [51,52]. The synergy of some of
those benefits leads to more complex benefits like public health [53], which go beyond the initial
assumptions of green infrastructure investments. Different types of benefits may be noticed in specific
locations based on local factors and types of green infrastructure investments [54]. What is more,
it is proven that green infrastructure applications can effectively support city management processes
even in less obvious issues like, for instance, reducing seismic vulnerability and energy demand [55].
Regardless of the benefits of green infrastructure in each case, all these applications lead to ecologising
our cities [56].

However, depending on these local conditions, different benefits might play the most significant
role in built environment regulation [57]. Even within the same city, spatial distribution and differences
in green infrastructure forms can predesign some areas as being more suitable for recreational facilities,
while other areas can be more beneficial due to potable water savings or greenhouse gas issues.
A multicriteria assessment of such functions was carried out for eight sites in Melbourne (Australia)
in order to evaluate their stormwater harvesting functions [58]. In the case of stormwater gathering,
the crucial aspect would be the elevation of the city’s surface. Based on urban watersheds, different
locations would present different suitability for water retention. Green infrastructure would not replace
classical stormwater systems; however, by mitigating some parts of the stormwater flow, there is a
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chance to use the bio-retention abilities of green areas [59]. Therefore, due to the unique local conditions,
there is no regular spatial pattern of the location of green infrastructure. This decentralised stormwater
system has different clustering densities throughout a city’s structure [60]. That is why decisions
about the optimal locations of green infrastructure are more complicated and should not be made
based only on two-dimensional information. In order to optimise green infrastructure governance,
public authorities can gather feedback from citizens. In the case of decentralised and scattered elements
like green infrastructure, citizens can be treated as local experts, as their experiences concerning local
conditions are wider and more holistic when compared with centrally managed approaches. Such green
infrastructure governance supporting public participation can be obtained by the use of e-tools [61].

Green infrastructure has become particularly widespread in recent years, and nowadays it is
included in many urban redevelopment projects and city development strategies [62]. It is also more
common that governments or local authorities actively stimulate the process of green infrastructure
investments [63]. One such action in this direction is the development of guidebooks and instructions
promoting green infrastructure solutions [64]. The advantage of such local guidebooks is the fact
that they may include local conditions, like type of soil or species of plants that are more suitable for
the local climate [65]. In the case of Philadelphia (USA), the guidebook presents the whole design
flow, starting from available resources, through site evaluation and stormwater management practice
evaluation, and finishing on the selection of plants. The guidebook contains a template for the site
assessment checklist, a plant selection catalogue connected to the local climate and shading conditions,
and a review of case studies and examples of projects [65]. Moreover, in the case of Wroctaw (Poland),
stormwater management practices are assessed according to their retention abilities, replacement costs,
nuisance of operation, and water purification abilities (Figure 1). Such a unified framework makes the
comparison of analysed solutions easier. Moreover, each solution contains templates of architectural
projects (Figure 2), which are freely available, to facilitate urban designers and architects integrating it
into their work.
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Figure 1. A case of stormwater management practice with a brief assessment [66].
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Figure 2. Template of architectural projects with ranges of possible sizes [66].

As presented in Figure 1, every solution has its individual retention abilities. That is why, besides
the total elevation of the urban surface that was mentioned before, there is a need to analyse how much
water can be accumulated in each location. This information is crucial in order to make smart decisions
in city management while deciding about redevelopment projects and suitable locations for green
infrastructure investments.

Therefore, in order to avoid unprofitable investments, there is a need to support decision-makers
with information about the proper locations for specific green infrastructure investments.
As Koutsoyiannis et al. [67] concluded in their work on a decision support system for the
management of water resource systems, “a well-known problem in development and application of a
DSS is the general lack of communication between analysts/developers and decision-makers (or their technical
support staff)”. They also highlighted that very often too much attention is given to data processing
techniques. Therefore, there is a need to link technical solutions with stakeholders to avoid data
redundancy and to search for a solution that gives the knowledge to the decision-makers [68].
Most of the DSSs for water management operate on a scale that allows us to describe water management
processes in a wider context. Therefore, they enable us to identify hot-spots of stormwater issues in
a district of the city [67,69]. However, they fail to analyse local conditions, and the obtained results
do not describe the situation in detail with the high precision of the input data. Therefore, in practice,
we still face the problem of a lack of local solutions which would refer not to holistic approaches for
bigger areas, but to everyday decisions that have to be made by public service units.

The in-depth literature review has proved the gap in the existing studies in the field of analysing
optimal green infrastructure locations by taking into account stormwater management. The scope of
this research is to integrate the best practices from the domains of hydrological and urban analyses.
In order to support practice, the ultimate goal of this research is to develop solutions for the
identification of some basic elements which might be helpful for effective decision-making processes
in urban management. Besides the theoretical framework, the verification of the DSS on the sample
will present the potential to answer, on the one hand, the question of how much water can flow
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into an analysed location, and on the other hand, where the water accumulates due to the current
surface elevation.

The aim of this research was to develop a novel decision support system (DSS) for green
infrastructure location which can inform the user about the locations of urban hydrological
sinks and the amount of water which could gather in each location depending on the defined
precipitation conditions.

3. Materials and Methods

The designed DSS is based on a multicomponent methodology including atmospheric and soil
conditions. The proposed solution is based on Geographical Information Systems (GIS), which
are commonly used in hydrology in the context of surface run-off detection [70-72]. Hydrological
modelling was based on the Soil Conservation Service Curve Number method (SCS-CN) [73,74].
The workflow of the system is presented in Figure 3 and explained in detail in the following subsections.

L Soil JL Land use |
:

s [ ™\
LPrecipitation J L Permeability J \Tree coverage
) J \ J

= =~ = V ~ ~ ~
Soil moisture —%Effective precipitationJ Elevation J
\_ / \_ - -
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runoff
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o

Figure 3. The workflow of the designed system.

The application of the designed DSS was conducted through a scenario-based approach in order to
test a wide spectrum of options, including land use or land use with tree cover, different soil moisture
conditions, and different modifications of precipitation (Table 1). All scenarios tested in this study
are based on the “what-if” approach, which means that the results do not present the most common
situations, but they verify the potential results of predefined settings. The scope of this study is to
integrate the best practices from the hydrological and urban domains. The development of the novel
DSS constitutes an innovation in the urban design domain by way of the applicable solution which
unifies software which integrates a verified hydrological method (SCS-CN), well recognised among
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specialists in the water management field, with GIS-based analyses which are commonly used in the
domain of urban studies.

Table 1. Scenarios of tested land use and atmospheric conditions.

Scenario Precipitation 20 mm  Precipitation 60 mm  Precipitation 100 mm

Land use (soil moisture 2) S1 Sy S3
Land use and tree cover S S g

(soil moisture 1) 4 5 6
Land use and tree cover S S S

(soil moisture 2) 7 8 9

Land use and tree cover
S10 Sn S12

(soil moisture 3)

All elements which vary in the analysed scenarios are elaborated in the following subsections.
More detailed descriptions of the SCS-CN method are elaborated in previous articles [70,72]. In order to
set realistic values and to verify the system with the use of real data, all calculations were carried
out based on a case of a multifamily housing neighbourhood in Wroctaw (Poland). Nevertheless,
the assessment procedure is applicable for any given study area.

3.1. Verification Sample and Data

In order to verify the DSS, the test area was established. The verification sample allowed us to test
the calculation process on real data and check the application potential. However, it is important to
highlight that the same calculations can be performed for every area for which the data mentioned
below are available.

The verification sample was a part of a multifamily housing area (Bartoszowice unit) in a Polish
regional city (Wroctaw). The sample represents a neighbourhood developed under two different urban
design patterns. The southern part of the study area was developed at the beginning of the 1970s,
while the northern part was developed at the end of the 1990s.

In order to support the designed DSS to calculate each case, there is a need to supply the
following data:

1. Soil types—verification sample: Geological and engineering atlas of the Wroclaw
agglomeration [75]. This geological and engineering atlas presenting soil types was prepared
based on thematic maps at the scale 1:10,000.

2. Land use—verification sample: The real estate cadastre register kept by the Municipal Board of
Geodesy, Cartography and Cadastre. The accuracy of coordinates in that database is within
0.10 m.

3.  Tree coverage and elevation—verification sample: Airborne laser scanning Light Detection and
Ranging (LiDAR) for urban areas. Using LiDAR, it is possible to achieve a 0.5 m x 0.5 m
resolution; however, in this research, a 1.0 m x 1.0 m grid was constructed.

All data were used in a Python script developed for ArcGIS. All input data used in the program
were converted to a vector format, which is the basic data format used by the program. Mutual
spatial relations among data were used to integrate the values required in the model from different
input vectors.

At the stage of preprocessing the input data from the LiDAR point cloud data, measurement
points corresponding to the soil class and buildings were selected. Next, based on the average
values of points, a grid with dimensions of 1 m X 1 m was made to the raster with the same pixel size.
The resulting Digital Elevation Model (DEM) was then used as an input to the iterative process of
surface runoff analysis.
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3.2. Soil

The first factor influencing the effective precipitation is the soil type. As the soil type influences
the spatial variation of the distribution of volumetric moisture in soil, it is a basic element included
in hydrological research [76]. The information about soil type was based on results of geological
drilling. The study area is characterised by six different soil types, which has an impact on the retention
abilities of the soil profile. According to the SCS-CN method, as soil class A, the following soils were
classified: (1) anthropogenic soils, nonstructural embankments; (2) Pleistocene river noncohesive soils;
(3) Holocene river noncohesive soils; and (4) Holocene organic unseparated lands. Two soil types in
the study area were classified as B: (1) Holocene river organic soils and cohesive silts, and (2) Holocene
river cohesive soils [77].

3.3. Land Use

The next element of stormwater accumulation is the land use. Depending on the surface cover, the
relation between soil profile retention, surface accumulation, and evaporation is different. The database
for the land use type was the local real estate cadastre system, which guarantees the most precise
information that is needed in the case of spatial analyses on that scale. Therefore, the real estate
cadastre supported our research with detailed locations of different land uses, with the precision of
coordinates at the level of 0.10 m for building location points and boundaries of real estate plots [78].
In the analysed case study, the land use layer contained three classes: buildings, impervious roads and
pavements, and green areas.

3.4. Permeability

The hydrologic soil group selected in Section 3.2 and land uses from Section 3.3 allowed for the
definition of initial curve numbers (CN) (Table 2).

Table 2. Initial curve number (CN) selection.

Percent of Hydrologic Soil Hydrologic Soil
Land Use Impermeability Group A Group B
Buildings 100% 89 92
Impervious roads and pavements 95% 89 92
Green areas 10% 32 58

For the studied area, four initial CNs describe the analysed site: 32, 58, 89, and 92. In order to
include the percentage of impermeability, initial CNs were corrected by Equation (1) and presented by
CN composites [77]:

Pimp
CNc = CN; + 100 (98 — CNy), 1)

where
CNc—composite runoff curve number,
CNj—initial runoff curve number,
Pimp—percentage of impermeability [%].

3.5. Precipitation

The next basic driver influencing stormwater accumulation included in the model is precipitation.
This value can be freely defined by a user and may vary depending on local conditions. According to
the Polish criteria for warnings of intense rainfall, characteristic thresholds are rainfall of over
30 mm, 50 mm, or 90 mm of precipitation [79]. Therefore, for the second and third benchmarks,
precipitation at the levels of 60 mm and 100 mm was tested. However, based on local conditions and
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the frequency of rainfalls with specific amounts of precipitation [80], the first variable was reduced to
20 mm of precipitation.

3.6. Tree Coverage

In order to increase the precision of modelling the surface type’s influence on effective
precipitation, 9 out of 12 scenarios also included tree coverage and its impact on water retention in tree
crowns. In case of scenarios 5153, the use of land use without tree cover allowed for the preparation of
reference scenarios. However, scenarios S,—S1, additionally include tree cover of the analysed area,
which influences the precipitation conditions due to the amount of precipitation absorbed by tree
crowns [81] and the trunk bark structure [82]. Based on a literature review, the amount of throughfall and
stemflow can reach between 50% and 90% depending on species or intensity of precipitation [81,83,84].
Therefore, in the model, the amount of throughfall and stemflow was assumed at a level of 70%.
That gives at least 30% stormwater absorption by tree crowns. For the purpose of the presented
assessment, it was assumed that absorption is at the level of 30%.

Tree crowns were identified by LiDAR data and allowed for the preparation of more realistic
model of the analysed case. The difference between land use in scenarios S1-S3 and land use with tree
cover in scenarios S4—S1; is presented in Figure 4.

Legend
[ Roads & Pavements
[ Buildings
- Green areas
l: Tree cover

100 50 0 100 Meters

Figure 4. (A) Land use in the study area; (B) land use with tree cover in the study area.
3.7. Soil Moisture

An additional driver influencing scenario comparison is the soil moisture level, which is
represented by the Antecedent Moisture Condition (AMC). The CN calculated above was adjusted by
the AMC for three different moisture situations. Scenarios S;-S3 and Sy—Sg were calculated based on
AMC 1II, which represents regular soil moisture conditions. Scenarios S4—S¢ represent dry conditions,
and AMC I factors with values smaller than 1 reduce the values of CNs for each soil type. Finally,
scenarios S19—S12 analyse wet conditions and include AMC III factors higher than 1. AMC factors
allowed for the conversion of CNs from regular moisture conditions into other CNs which present
different infiltration features. The AMC is a variable which is calculated in the DSS. Based on the
field studies which gave the basis for the SCS-CN method, three different AMCs are defined in the
standardised tables. Therefore, the AMC influenced the selection of variables which were taken from
the standardised table [77].
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3.8. Effective Precipitation

The calculation of the effective precipitation was based on the SCS-CN method, which was
proposed by the United States Department of Agriculture in 1989. SCS-CN is an empirical model
and was based on statistical analyses obtained from processing large experimental datasets. SCS-CN
characterises the natural processes of stormwater runoff by considering the surface and its hydrologic
conditions [69]. The SCS-CN model is one of the most popular runoff models and has been constantly
developed and improved in many studies [73,85-87]. The basic formula in SCS-CN for calculating the
runoff depth (Q) is expressed by Equation (2):

(P—1)*
— 2
Q P—-I+5S @
where
Q—direct runoff [mm)],
P—total precipitation [mm],
I—initial abstraction [mm],
S—potential maximum retention [mm].
The potential maximum retention can be expressed by Equation (3):
1000
S=254( == —10 3
(&) ®

where
25.4—conversion rate from English units to International System of units (from inches to milimetres),
CN—curve number.
The curve number is related to the soil characteristics, land cover, and initial soil moisture [72].

3.9. Elevation

In following steps, the effective precipitation calculated above represents the amount of
stormwater accumulated in the study area. In order to identify that location, the elevation of the
land surface was included. For that purpose, LIDAR data were used, and based on these data a
DEM was created. Next, the DEM was divided into micro urban water catchments, which created
hydrological sinks.

3.10. Precipitation Runoff

The precipitation runoff was modelled in an automatic iterative manner. As mentioned in
Section 3.1, at the stage of preprocessing the input data from the LiDAR point cloud data, measurement
points corresponding to the soil class and buildings were selected. Only such classes were able to
constitute a physical barrier to water surface runoff. Then, based on the average value of points, a grid
with dimensions of 1 m x 1 m was made to the raster with the same pixel size. This DEM was used as
an input to the iterative process of surface runoff analysis. The effective precipitation flowing on the
DEM surface depends on the slope direction and on filling out each hydrological sink. The DEM input
grid performs multiple tasks: Firstly, the vector layer generated on it from the centroids of individual
pixels provides information about the altitude value for the first interception. Once a hydrological sink
is full (the water level reaches the edges of each sink), the system creates a new DEM; which excludes
that hydrological sink from further iteration steps. At this stage, that hydrological sink is covered with
a plane surface and stormwater is allowed to flow further to the next sinks according to the DEM
flow direction. These steps are repeated until the effective precipitation has been used up. Finally,
precipitation runoff DEMs constitute the output for the calculation of stormwater volume.
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3.11. Water Height

In order to calculate the accumulated stormwater in each location that can be managed by green
infrastructure, the initial DEM was deducted from the final DEM which gave the water height in each
part of the study area (Equation (4)).

Hypinwater = (DEMfinal - DEMinitial) [mm] (4)

4. Results

4.1. Stormwater Accumulation

Based on the designed DSS for the location of green infrastructure, the results of the calculations
present areas for the case study where stormwater gathering occurs in every analysed scenario.
The results are presented in Figure 5. The output of the analysis is the raster layer, which can be
displayed on the land use information. The numerical results of the analyses are presented in Table 3.

Table 3. Results for stormwater accumulation scenarios.

: 2
Scenario Area in Water Level Classes [m~] Volume [dm®] Max Water Height
1.1-6.0 6.1-17.0 17.1-60.0 60.1-99.0
S 15,130 2394 76 0 64,869 27
S 31,013 16,323 2334 3 321,670 62
S3 38,668 28,348 8285 45 631,405 99
Sy 15,386 2328 77 0 64,088 26
Ss 24,816 13,854 1852 3 264,625 62
Se 31,074 22,794 6419 39 500,956 95
Sy 14,355 2204 59 0 60,620 26
Sg 28,668 14,912 2025 3 291,050 62
Sy 36,421 25,681 7307 41 569,334 96
S10 14,802 2246 59 0 61,825 27
S11 33,385 16,802 2320 4 333,170 63
S1o 40,291 30,129 8583 45 663,834 99

The results showed that with precipitation at the level of 20 mm, it is possible to select areas of
the total case study area with stormwater accumulation higher than 60 mm. That result shows the
potential for green infrastructure locations in this area. Two locations in the north-eastern part of
the case study, zoomed in Figure 5, are the locations of stormwater gathering. These locations are
at the edge of the road or pavement and the green areas. Their sizes are (1) 422 m? and (2) 589 m?,
with the highest water levels at (1) 24 mm and (2) 21 mm. In order to increase the efficiency of green
infrastructure development within the city structure, these two locations should be taken into account.
Additionally, it is possible to measure the whole volumes of stormwater in these locations, which are
at the levels of (1) 2640 dm? and (2) 3114 dm3. Therefore, the designed model is not only helpful for
choosing a suitable location, but it also supports decisions about exact green infrastructure solutions
that suit the local area based on possible stormwater resources. This feature of the model corresponds
with the information that is included in green infrastructure good practice catalogues, like the example
presented in Figure 1.
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Figure 5. Results for stormwater accumulation scenarios.
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Scenarios analysing higher precipitation values presented the same pattern as the scenarios
previously commented upon. Most of the stormwater accumulation spots are identified as linear
shapes along impervious communication infrastructure (roads and pavements). This makes the
implementation of green infrastructure easier, as there is no need for additional surface remodelling
in order to guarantee the water flow direction into the green infrastructure location (along streets
and pavements). In some cases, the geometries of those spots are more rounded; however, green
infrastructure implementation and land surface remodelling caused by that action will change the
flow direction and the bottom point of the hydrological sink. In the case of unlikely events with
the precipitation values assumed in the test of the designed system, the implementation of green
infrastructure can effectively reduce the problem of stormwater accumulation.

As presented in Figure 1, the classification of green infrastructure solutions was also divided
by retention ability: low (0-200 dm?3/m?), medium (201-1000 dm?/m?), or high (>1000 dm3/m?).
Therefore, some green infrastructure facilities are directly predesigned for specific stormwater amounts.
Thus, once the specific location for the green infrastructure facility is selected, the DSS allows us to
verify which type of facility is the most suitable for the water accumulation parameters. As presented in
Table 3, the DSS allows us to calculate the area that is covered by water, the volume of the accumulated
stormwater, and the maximum water height. These parameters can be calculated for the whole area as
well as for user-defined areas, as presented in Figure 5. A comparison of the hydrological parameters
measured in the DSS with the specifications of green infrastructure facilities (see Figures 1 and 2)
presenting their retention abilities and sizes allows the user to select a proper solution. In a case where
a few kinds of green infrastructure facilities are suitable, there are other drivers that might be taken into
account by the decision-makers, like replacement costs, nuisance of use, or water purification level.

4.2. Additional Land Development Guidelines

While analysing the results of the model, some additional issues important in urban design
were noticed. In some cases, the water flow was blocked by higher objects, which influenced the
accumulation of stormwater next to those objects. In the case of the analysed study area, such objects
were buildings. As a result, the accumulation of stormwater occurs next to dwellings. Such a situation
may have an impact on the risk of damage to real estate. On the one hand, accumulated water may
impact the stability of buildings by softening the soil profile. On the other hand, in such conditions,
leakage may damage building materials and furniture, and fungus may appear due to humid
conditions. In the case of windows or doors leading to basements, water can directly get inside
the basement of the building, further increasing the risk of real estate damage. An example of
stormwater accumulation next to a building is presented in Figure 6.

In order to reduce the risk of damage to real estate, the DSS allows for the formulation of additional
land development guidelines. The results allow for the verification of stormwater accumulation from
the point of view of unfavourable effects and for support with knowledge about how to remodel
the land surface to avoid issues with the built environment. As the land use structure of the study
area contains green areas, there are possibilities to change the water flow direction to increase the
resilience of the neighbourhood. The assessment of surface regulation and its impact on safety is within
the scope of statistical multicriteria analyses [88], and the proposed system completes its calculations
by visualising results and considering the spatial distribution.
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Figure 6. Stormwater accumulation issues.
5. Discussion

While searching for research in the field of stormwater monitoring, two main domains can be
distinguished: stormwater pollution and stormwater volume assessment. Most papers in this field
refer to the first issue; however, some research has indirectly evaluated the amount of gathered
stormwater. For instance, Paule-Mercado et al. [89], by scenario stormwater runoff analysis, assessed
variability in pollutant concentration, which is related with water flow and concentration itself.
However, their analysis was more aggregated as one category, “urban”, included buildings, spaces
between those buildings, and the whole transport infrastructure. Therefore, their model is more suitable
for bigger units, which makes it impossible to support green infrastructure location in the scale of
one specific object. However, it is very important to highlight the use of scenario-based approaches.
As BenDor et al. [60] proved in their study, the evaluation of alternative infrastructure features allows
for tradeoff analysis, even leading in some cases to win—-win scenarios. The usefulness of precipitation
scenarios in urban management was also highlighted by Kim et al. [90]. In their investigation,
scenario-based assessment was helpful in disaster mitigation. A comparison of different scenarios
allowed them to quantify the relation between increasing urban green ratio and its impact on economic
loss reduction. From the point of view of the mentioned studies, the scenario-based approach in the
proposed system, evaluating what-if scenarios, seems to be the proper solution.

The workflow presented in this paper integrate three basic elements that have to be analysed
in urban green infrastructure development policies as well as in community greening initiatives.
As Xing et al. [91] summarised, these elements are (1) the identification of green infrastructure benefits
(both those needed in each location and those which can be provided by each green infrastructure
solution), (2) green infrastructure solutions (e.g. indoor plants, green roofs, green walls, green and blue
landscaping), and (3) design decisions (including maintenance, irrigation and water management, etc.).
All of those elements are combined in this research. There are similar concepts of evaluating the spatial
priority of urban green infrastructure, which confirms the importance and validity of the proposed
concept. Wei et al. [92] designed a solution for selecting cores with the highest connectivity which
were classified as the most crucial from the point of view of biodiversity conservation and recreational
use. However, their location selection system was applicable at the wider scale. The study area in their
case covered 163.34 km?2. Therefore, the concept of selection of the most suitable location for green
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infrastructure solutions applied in the designed DSS presented in this paper follows the needs also
identified by other scientists.

Focusing on more detailed scale analysis, Ivanovsky et al. [93] highlighted the need for
management process implementation in order to purify rainwater during runoff on soils and other
covers. Again, this purification system is based on natural retention and infiltration which solves
not only the issue of pollution but also the issue of water itself. As Bonneau et al. [94] investigated,
in warmer periods, a significant amount of infiltrated stormwater was consumed by vegetation on
slopes, even up to 100%. However, referring to exact values seems unsuitable when comparing different
areas, as they depend on many local drivers that cannot be generalised. Decision-makers should not be
informed by decision support systems that a specific amount of stormwater will be stored. The results
should be treated with caution. In Canadian conditions, Eckart et al. [95] focused on one green
infrastructure solution, such as low-impact development, employed to manage urban stormwater and
restore the predevelopment hydrological conditions. Similar solutions reduced noticeably different
amounts of water even when conditions seemed to be comparable. In the case of one neighbourhood,
runoff volume reduction was at the level of 13%, while in a second neighbourhood, this value reached
29%. Therefore, the results obtained in Section 3 of this paper do not present specific characteristics of
Polish conditions and cannot be extrapolated. In order to analyse local conditions, the proposed system
analysing all variables mentioned in the method should be taken into account based on local drivers.

6. Conclusions

This research contributes to the state of art by way of the development of a novel DSS formed
by integrating the SCS-CN method with GIS software. However, in order to present the practical
aspects of the concept, the developed DSS was verified on a sample. That allowed us to answer the
question of whether the application of the software is feasible with the use of real data. Therefore,
our main contribution to the field is the methodological framework together with the software of the
DSS itself. However, in order to increase the potential benefits of the use of the DSS, the results for the
verification sample were also concluded to give an idea to urban designers about the applicability and
usefulness of the software. The novelty of the presented solution lies in the combination of a location
intelligence approach with a what-if approach and in the scale of the applicability of the algorithm.
The DSS is universal and allows for application to any sample based on the local input parameters.
The presented simulation results do not constitute a significant output themselves, but they allow for
further steps in improving the situation in an analysed sample. Therefore, the research presents the
process of deriving meaningful findings from geospatial information and its relationships with other
objects to solve a particular problem.

The presented research shows that the integration of information about soil type, land use at
the cadastral level, tree coverage, the initial soil moisture level, surface elevation, and projected
precipitation levels in a DSS allows for an assessment of the accumulation of stormwater gathered in
specific locations. It is important to highlight that the scale of application of the proposed DSS enables
us to evaluate neighbourhoods, distinguishing inter-building space. In order to apply the system
at a supra-local or regional scale, the input data type should be reconsidered. However, as heavy
storms with high levels of precipitation are rather local events, the presented scale of stormwater
accumulation analysis seems to be suitable. The proposed system is compatible with the commonly
used SCS-CN method.

The scenario-based approach enables us to verify which locations might be more commonly
flooded by stormwater and which locations are going to be flooded in unlikely cases. This provides
decision-makers with the necessary information to conduct more rational planning by locating green
infrastructure solutions in places where they are more greatly needed. Besides selecting proper
locations, the system provides information about approximate values of accumulated water that can be
managed locally. Together with examples of green infrastructure best practice, which are characterised
by water retention skills, this allows for selection of the proper type of solution for each location.
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Additionally, the application of the system showed that it is possible to detect property risks connected
with improper land surface shape. This allows for the identification of where land surface remodelling
is needed in order to reduce the risk of damage to real estate. Hence, the designed system supports
environmental actions by helping in decision-making about where and how to absorb water in the
built environment and, at the same time, is useful from the socio-economic point of view as it suggests
cost-effective actions and warns about potential risks. Therefore, the proposed DSS fills the gap in
the existing literature by presenting the concept of green infrastructure for stormwater locations.
A very important fact is that the concept can be automated, which will allow the DSS to become more
popular and applicable in practice. The developed DSS constitutes a technological solution based on
verified and well-known methods used in hydrological modelling. However, in order to verify the
accuracy of the DSS in the test area, the DSS will be verified in the future by comparing real stormwater
accumulation with the results of a scenario with specific precipitation values (equal to those obtained
from meteorological authorities).

The use of the designed DSS for green infrastructure location converts the decision-making
process from intuitive actions to knowledge-based urban development. The DSS supports the
implementation of suitable green infrastructure solutions. As a result it enables the use of a
very important natural resource which is needed locally after heavy meteorological events appear.
It will help in more effective urban adaptation to climate change by reducing the problem of excess
water during storms and deficiency of water in dry periods. However, an open issue for local
authorities is to integrate information about the amount of water together with information about
its quality (especially from roads) in order to avoid damage to other natural resources (soils) when
solving the problems of other resources. However, recent studies confirm that the use of constructed
wetland systems with horizontal flow is effective in pollution removal [96,97] when remembering to
use the proper solution adapted to local conditions [98]. Such nature- and semi-nature-based solutions
can solve crucial environmental management issues in cities, leading to an urban circular economy
and a closed circuit of resources [99].

Author Contributions: Conceptualisation, ]. K.K.; methodology, ] K.K,, ].C. and S.S.; software, J.C.; validation,
J.KK. and S.S.; formal analysis, ] K.K.; investigation, ].K.K.; resources, S.S.; data curation, S.S.; writing—original
draft preparation, ] K.K.; writing—review and editing, ] K.K.; visualisation, ] K.K. and S.S.; supervision, J. K.K.

Funding: This research was funded by the Department of Spatial Economy of the Wroctaw University of
Environmental and Life Sciences from statutory funds.

Acknowledgments: The publication has been prepared as a part of the Support Programme of the Partnership
between Higher Education and Science and Business Activity Sector financed by City of Wroctaw.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Krellenberg, K.; Link, F; Welz, J.; Harris, J.; Barth, K.; Irarrazaval, F. Supporting local adaptation:
The contribution of socio-environmental fragmentation to urban vulnerability. Appl. Geogr. 2014, 55,
61-70. [CrossRef]

2. Szewranski, S.; Swiader, M.; Kazak, J.K,; Tokarczyk-Dorociak, K.; van Hoof, J. Socio-Environmental
Vulnerability Mapping for Environmental and Flood Resilience Assessment: The Case of Ageing and
Poverty in the City of Wroctaw, Poland. Integr. Environ. Assess. Manag. 2018, 14, 592-597. [CrossRef]

3.  Kaminska, J.A. The use of random forests in modelling short-term air pollution effects based on traffic and
meteorological conditions: A case study in Wroctaw. ]. Environ. Manag. 2018, 217, 164-174. [CrossRef]
[PubMed]

4. Kazak, J.; van Hoof, J.; Swiader, M.; Szewranski, S. Real estate for the ageing society—The perspective of
a new market. Real Estate Manag. Valuat. 2017, 25. [CrossRef]

5. Freney, M.; Soebarto, V.; Williamson, T. Thermal comfort of global model Earthship in various European
climates. In Proceedings of the 13th Conference of International Building Performance Simulation
Association, Chambéry, France, 26-28 August 2013; pp. 1625-1632.


http://dx.doi.org/10.1016/j.apgeog.2014.08.013
http://dx.doi.org/10.1002/ieam.4077
http://dx.doi.org/10.1016/j.jenvman.2018.03.094
http://www.ncbi.nlm.nih.gov/pubmed/29604410
http://dx.doi.org/10.1515/remav-2017-0026

Sustainability 2018, 10, 4388 16 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Halawa, E.; van Hoof, J.; Soebarto, V. The impacts of the thermal radiation field on thermal comfort, energy
consumption and control—A critical overview. Renew. Sustain. Energy Rev. 2014, 37, 907-918. [CrossRef]
van Hoof, J.; Schellen, L.; Soebarto, V.; Wong, ]. K.W.; Kazak, ].K. Ten questions concerning thermal comfort
and ageing. Build. Environ. 2017, 120, 123-133. [CrossRef]

Kalbarczyk, R.; Kalbarczyk, E.; Ziemianska, M.; Raszka, B. Assessment of Air Thermal Conditions in the
Lowland Part of South-Western Poland for Agriculture Development Purposes. Atmosphere 2018, 9, 215.
[CrossRef]

Szewranski, S.; Kazak, J.; Szkaradkiewicz, M.; Sasik, J. Flood risk factors in suburban area in the context of
climate change adaptation policies—Case study of Wroclaw, Poland. J. Ecol. Eng. 2015, 16. [CrossRef]
Biniak-Pierég, M.; Zyromski, A.; Rolbiecki, R.; Rolbiecki, S.; Zyromski, M.; Zmuda, R. Effect of thermal
conditions and precipitation on growth rate of scots pine. J. Ecol. Eng. 2016, 17, 1-8. [CrossRef]
Dabrowska, J.; Bawiec, A.; Paweska, K.; Kaminiska, J.; Stodolak, R. Assessing the Impact of Wastewater
Effluent Diversion on Water Quality. Pol. ]. Environ. Stud. 2017, 26, 9-16. [CrossRef]

Grzywna, H.; Dabek, P.B.; Olszewska, B. Analysis of moisture conditions in the lowland areas using high
resolution spectral data from the Sentinel-2 satellite and the GIS tools. E3S Web Conf. 2018, 44, 00048.
[CrossRef]

Lejcus, K.; Dabrowska, J.; Garlikowski, D,; Spitalniak, M. The application of water-absorbing
geocomposites to support plant growth on slopes. Geosynth. Int. 2015, 22, 452-456. [CrossRef]
Szulczewski, W.; Jakubowski, W. The Application of Mixture Distribution for the Estimation of Extreme
Floods in Controlled Catchment Basins. Water Resour. Manag. 2018, 32, 3519-3534. [CrossRef]

Kaminska, J.A. Residuals in the modelling of pollution concentration depending on meteorological conditions
and traffic flow, employing decision trees. XLVIII Semin. Appl. Math. 2018, 00016. [CrossRef]

European Environment Agency. Urban Adaptation to Climate Change in Europe. Challenges and Opportunities for
Cities Together with Supportive National and European Policies; Office for Official Publications of the European
Union: Bonn, Germany, 2012; ISBN 978-92-9213-308-5.

European Environment Agency. Urban Adaptation to Climate Change in Europe 2016. Transforming Cities in a
Changing Climate; Publications Office of the European Union: Luxembourg, 2016; ISBN 978-92-9213-742-7.
Kietkowska, J.; Tokarczyk-Dorociak, K.; Kazak, J.; Szewranski, S.; van Hoof, ]. Urban Adaptation to Climate
Change Plans and Policies — the Conceptual Framework of a Methodological Approach. J. Ecol. Eng. 2018,
19, 50-62. [CrossRef]

Schneider, P; Gottschalk, N.; Loser, R.; Scharbrodt, T. Integrated Climate Protection Program for the City of
Chemnitz—Climate Diagnosis, Climate Change Prognosis and Conception of Adaptation Measures in the
Urban Area. In Resilient Cities: Cities and Adaptation to Climate Change—Proceedings of the Global Forum 2010;
Springer: Berlin, Germany, 2011; pp. 299-310.

Masi, F; Bresciani, R.; Rizzo, A.; Edathoot, A.; Patwardhan, N.; Panse, D.; Langergraber, G. Green walls for
greywater treatment and recycling in dense urban areas: A case-study in Pune. J. Water Sanit. Hyg. Dev.
2016, 6, 342-347. [CrossRef]

Szopinska, E.; Kazak, J.; Kempa, O.; Rubaszek, J. Spatial form of greenery in strategic environmental
management in the context of urban adaptation to the climate change. Pol. J. Environ. Stud. 2019, 29. in press.
[CrossRef]

Cegielska, K.; Noszczyk, T.; Kukulska, A.; Szylar, M.; Hernik, J.; Dixon-Gough, R.; Jombach, S.; Valanszki, I.;
Filepné Kovacs, K. Land use and land cover changes in post-socialist countries: Some observations from
Hungary and Poland. Land Use Policy 2018, 78, 1-18. [CrossRef]

Noszczyk, T. A review of approaches to land use changes modeling. Hum. Ecol. Risk Assess. Int. ]. 2018, 1-29.
[CrossRef]

Krajewski, P.; Solecka, I.; Mastalska-Cetera, B. Landscape Change Index as a Tool for Spatial Analysis.
IOP Conf. Ser. Mater. Sci. Eng. 2017, 245, 072014. [CrossRef]

Klapa, P.; Mitka, B.; Zygmunt, M. Application of Integrated Photogrammetric and Terrestrial Laser Scanning
Data to Cultural Heritage Surveying. IOP Conf. Ser. Earth Environ. Sci. 2017, 95, 032007. [CrossRef]
Szewranski, S.; Kazak, J.; Sylla, M.; Swiader, M. Spatial data analysis with the use of ArcGIS and Tableau
systems. In Lecture Notes in Geoinformation and Cartography; Springer: Cham, Switzerland, 2017; pp. 337-349.
ISBN 978-3-319-45122-0.


http://dx.doi.org/10.1016/j.rser.2014.05.040
http://dx.doi.org/10.1016/j.buildenv.2017.05.008
http://dx.doi.org/10.3390/atmos9060215
http://dx.doi.org/10.12911/22998993/1854
http://dx.doi.org/10.12911/22998993/64448
http://dx.doi.org/10.15244/pjoes/64748
http://dx.doi.org/10.1051/e3sconf/20184400048
http://dx.doi.org/10.1680/jgein.15.00025
http://dx.doi.org/10.1007/s11269-018-2005-6
http://dx.doi.org/10.1051/itmconf/20182300016
http://dx.doi.org/10.12911/22998993/81658
http://dx.doi.org/10.2166/washdev.2016.019
http://dx.doi.org/10.15244/pjoes/92244
http://dx.doi.org/10.1016/j.landusepol.2018.06.017
http://dx.doi.org/10.1080/10807039.2018.1468994
http://dx.doi.org/10.1088/1757-899X/245/7/072014
http://dx.doi.org/10.1088/1755-1315/95/3/032007

Sustainability 2018, 10, 4388 17 of 20

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.
40.
41.

42.

43.

44.

45.

46.

47.

48.

Garcia Castro, D.; De Elizagarate Gutierrez, V.; Kazak, J.; Szewranski, S.; Kaczmarek, I.; Wang, T.
New challenges in the improvement of the citizen participation processes of the urban management.
Social innovation challenges. Cuad. Gest. 2018. [CrossRef]

Furmankiewicz, M.; Macken-Walsh, A.; Stefariska, J. Territorial governance, networks and power:
Cross-sectoral partnerships in rural poland. Geogr. Ann. Ser. B Hum. Geogr. 2014, 96, 345-361. [CrossRef]
Wang, T.; Han, Q.; de Vries, B. Sustainable Industrial Site Redevelopment Planning Support. Int. J. E Plan. Res.
2017, 6, 39-53. [CrossRef]

Wang, T.; Han, Q.; de Vries, B. SIRPSS—Sustainable Industrial Site Redevelopment Planning Support System.
In Lecture Notes in Business Information Processing, Decision Support Systems VIII: Sustainable Data-Driven and
Evidence-Based Decision Support; Springer: Cham, Switzerland, 2018; pp. 3-14.

Solecka, I.; Raszka, B.; Krajewski, P. Landscape analysis for sustainable land use policy: A case study in the
municipality of Popieléw, Poland. Land Use Policy 2018, 75, 116-126. [CrossRef]

Zrébek-Rézariska, A.; Zysk, E,; Zrébek, S. Overview of Socio-economic Transformations Based on Residential
Architecture in a Suburban Area—Case Study of Villages in the Polish Region of Warmia. IOP Conf. Ser.
Mater. Sci. Eng. 2017, 245, 042006. [CrossRef]

Palicki, S.; Racka, I. Influence of Urban Renewal on the Assessment of Housing Market in the Context of
Sustainable Socioeconomic City Development. In Smart City 360°; Springer: Cham, Switzerland, 2016;
pp- 851-860.

Heldak, M.; Raszka, B. Evaluation of the Local Spatial Policy in Poland with Regard to Sustainable
Development. Pol. ]. Environ. Stud. 2013, 22, 395-402.

Forys, I.; Putek-Szelag, E. The Influence Of Planning Decisions Regarding Land Evaluation Based On a
Selected Local Real Estate Market. Real Estate Manag. Valuat. 2015, 23, 62-73. [CrossRef]
Bazan-Krzywoszanska, A.; Skiba, M.; Mréwczyniska, M.; Sztubecka, M.; Bazun, D.; Kwiatkowski, M.
Green energy in municipal planning documents. Available online: https://www.e3s-conferences.org/
articles/e3sconf/pdf/2018/20/e3sconf_infraeko2018_00006.pdf (accessed on 20 November 2018).
Boerenfijn, P; Kazak, J.K,; Schellen, L.; van Hoof, J. A multi-case study of innovations in energy
performance of social housing for older adults in the Netherlands. Energy Build. 2018, 158, 1762-1769.
[CrossRef]

Przybyla, K.; Kulczyk-Dynowska, A.; Kachniarz, M. Quality of Life in the Regional Capitals of Poland.
J. Econ. Issues 2014, 48, 181-196. [CrossRef]

Swiader, M.; Szewranski, S.; Kazak, J. Poverty Risk Index as A New Methodology for Social Inequality
Distribution Assessment. IOP Conf. Ser. Mater. Sci. En. 2017, 245, 072021. [CrossRef]

van Hoof, J.; Kazak, ] K. Urban ageing. Indoor Built Environ. 2018, 27. [CrossRef]

European Comission. Building a Green Infrastructure for Europe; European Comission: Luxembourg, 2013.
United States Environmental Protection Agency. What Is Green Infrastructure? Available online:
https:/ /www.epa.gov/green-infrastructure/what-green-infrastructure (accessed on 10 September 2018).
Kazak, J. The Use of a Decision Support System for Sustainable Urbanization and Thermal Comfort in
Adaptation to Climate Change Actions—The Case of the Wroctaw Larger Urban Zone (Poland). Sustainability
2018, 10, 1083. [CrossRef]

Lin, B.B.; Meyers, ].; Beaty, R.M.; Barnett, G.B. Urban green infrastructure impacts on climate regulation
services in Sydney, Australia. Sustainability 2016, 8, 788. [CrossRef]

Kazak, J.; Malczyk, J.; Castro, D.G.; Szewrarnski, S. Carbon sequestration in forest valuation. Real Estate
Manag. Valuat. 2016, 24. [CrossRef]

Kavehei, E.; Jenkins, G.A.; Adame, M.F,; Lemckert, C. Carbon sequestration potential for mitigating the
carbon footprint of green stormwater infrastructure. Renew. Sustain. Energy Rev. 2018, 94, 1179-1191.
[CrossRef]

Bawiec, A.; Paweska, K.; Pulikowski, K.; Kajewska-Szkudlarek, J. Influence of Insolation on the Efficiency of
NO3 Removal from Wastewater Treated in the Hydroponic System. Water Air Soil Pollut. 2018, 229, 232.
[CrossRef] [PubMed]

Capotorti, G.; Del Vico, E.; Anzellotti, I.; Celesti-Grapow, L. Combining the conservation of biodiversity with
the provision of ecosystem services in urban green infrastructure planning: Critical features arising from a
case study in the metropolitan area of Rome. Sustainability 2017, 9, 10. [CrossRef]


http://dx.doi.org/10.5295/cdg.170751dg
http://dx.doi.org/10.1111/geob.12056
http://dx.doi.org/10.4018/IJEPR.2017040103
http://dx.doi.org/10.1016/j.landusepol.2018.01.021
http://dx.doi.org/10.1088/1757-899X/245/4/042006
http://dx.doi.org/10.1515/remav-2015-0037
https://www.e3s-conferences.org/articles/e3sconf/pdf/2018/20/e3sconf_infraeko2018_00006.pdf
https://www.e3s-conferences.org/articles/e3sconf/pdf/2018/20/e3sconf_infraeko2018_00006.pdf
http://dx.doi.org/10.1016/j.enbuild.2017.10.101
http://dx.doi.org/10.2753/JEI0021-3624480109
http://dx.doi.org/10.1088/1757-899X/245/7/072021
http://dx.doi.org/10.1177/1420326X18768160
https://www.epa.gov/green-infrastructure/what-green-infrastructure
http://dx.doi.org/10.3390/su10041083
http://dx.doi.org/10.3390/su8080788
http://dx.doi.org/10.1515/remav-2016-0007
http://dx.doi.org/10.1016/j.rser.2018.07.002
http://dx.doi.org/10.1007/s11270-018-3888-9
http://www.ncbi.nlm.nih.gov/pubmed/30046197
http://dx.doi.org/10.3390/su9010010

Sustainability 2018, 10, 4388 18 of 20

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Landor-Yamagata, ].L.; Kowarik, L; Fischer, L.K. Urban foraging in Berlin: People, plants and practices
within the metropolitan green infrastructure. Sustainability 2018, 10, 1873. [CrossRef]

Onuma, A.; Tsuge, T. Comparing green infrastructure as ecosystem-based disaster risk reduction with gray
infrastructure in terms of costs and benefits under uncertainty: A theoretical approach. Int. J. Disaster
Risk Reduct. 2018. [CrossRef]

O’Brien, L.; De Vreese, R.; Kern, M.; Sievénen, T.; Stojanova, B.; Atmis, E. Cultural ecosystem benefits of
urban and peri-urban green infrastructure across different European countries. Urban For. Urban Green. 2017,
24,236-248. [CrossRef]

Giedych, R.; Maksymiuk, G. Specific features of parks and their impact on regulation and cultural ecosystem
services provision in Warsaw, Poland. Sustainability 2017, 9, 792. [CrossRef]

Bowen, K.J.; Lynch, Y. The public health benefits of green infrastructure: The potential of economic framing
for enhanced decision-making. Curr. Opin. Environ. Sustain. 2017, 25, 90-95. [CrossRef]

WKU/Center for Environmental Education and Sustainability Project History Green Infrastructure.
Available online: https://www.wku.edu/cees/sign_project_history_green_infrastructure.php (accessed on
11 September 2018).

Privitera, R.; La Rosa, D. Reducing Seismic Vulnerability and Energy Demand of Cities through Green
Infrastructure. Sustainability 2018, 10, 2591. [CrossRef]

Vasishth, A. Ecologizing our cities: A particular, process-function view of southern California, from within
complexity. Sustainability 2015, 7, 11756-11776. [CrossRef]

Meerow, S.; Newell, ].P. Spatial planning for multifunctional green infrastructure: Growing resilience in
Detroit. Landsc. Urban Plan. 2017, 159, 62-75. [CrossRef]

Inamdar, PM.; Sharma, A K.; Cook, S.; Perera, B.].C. Evaluation of stormwater harvesting sites using multi
criteria decision methodology. J. Hydrol. 2018, 562, 181-192. [CrossRef]

Raja Segaran, R.; Lewis, M.; Ostendorf, B. Stormwater quality improvement potential of an urbanised
catchment using water sensitive retrofits into public parks. Urban For. Urban Green. 2014, 13, 315-324.
[CrossRef]

BenDor, TK.; Shandas, V.; Miles, B.; Belt, K.; Olander, L. Ecosystem services and U.S. stormwater planning:
An approach for improving urban stormwater decisions. Environ. Sci. Policy 2018, 88, 92-103. [CrossRef]
Moller, M.S.; Olafsson, A.S. The use of e-tools to engage citizens in urban green infrastructure governance:
Where do we stand and where are we going? Sustainability 2018, 10, 3513. [CrossRef]

Simic, I; Stupar, A.; Djokic, V. Building the green infrastructure of Belgrade: The importance of community
greening. Sustainability 2017, 9, 1183. [CrossRef]

Harrington, E.; Hsu, D. Roles for government and other sectors in the governance of green infrastructure in
the U.S. Environ. Sci. Policy 2018, 88, 104-115. [CrossRef]

Jolley, ].W,; Tuccillo, M.E.; Young, M.L.; Barrett, M.; Lantin, A. Green Stormwater Infrastructure—Volume 2:
Guidebook; ACRP Research Report 174; ACRP: Alexandria, VA, USA, 2017; ISBN 978-0-309-44641-9.
Philadelphia Water Department. Stormwater Infrastructure Landscape Design Guidebook; Philadelphia Water
Department: Philadelphia, PA, USA, 2018.

Lejcus, K.; Burszta-Adamiak, E.; Dabrowska, J.; Wréblewska, K.; Orzeszyna, H.; épitalniak, M.; Misiewicz, J.
Katalog Dobrych Praktyk—Zasady Zréwnowazonego Gospodarowania Wodami Opadowymi Pochodzacymi z
Nawierzchni Pasow Drogowych [Good Practice Catalogue—The Rules for Sustainable Management of Stormwater
from Road Surface]; Municipality of Wroclaw: Wroctaw, Poland, 2017.

Koutsoyiannis, D.; Karavokiros, G.; Efstratiadis, A.; Mamassis, N.; Koukouvinos, A.; Christofides, A.
A decision support system for the management of the water resource system of Athens. Phys. Chem. Earth
Parts A/B/C 2003, 28, 599-609. [CrossRef]

Kazak, J.K.; van Hoof, J. Decision support systems for a sustainable management of the indoor and built
environment. Indoor Built Environ. 2018, 27, 1303-1306. [CrossRef]

Yang, X.; Tang, L.; Jia, Y.; Liu, J. Ecological Risk Assessment of the Southern Fujian Golden Triangle in China
Based on Regional Transportation Development. Sustainability 2018, 10, 1861. [CrossRef]

Szewrarnski, S.; Chruscinski, J.; Kazak, J.; Swiader, M; Tokarczyk-Dorociak, K.; Zmuda, R. Pluvial Flood
Risk Assessment Tool (PFRA) for Rainwater Management and Adaptation to Climate Change in Newly
Urbanised Areas. Water 2018, 10, 386. [CrossRef]


http://dx.doi.org/10.3390/su10061873
http://dx.doi.org/10.1016/j.ijdrr.2018.01.025
http://dx.doi.org/10.1016/j.ufug.2017.03.002
http://dx.doi.org/10.3390/su9050792
http://dx.doi.org/10.1016/j.cosust.2017.08.003
https://www.wku.edu/cees/sign_project_history_green_infrastructure.php
http://dx.doi.org/10.3390/su10082591
http://dx.doi.org/10.3390/su70911756
http://dx.doi.org/10.1016/j.landurbplan.2016.10.005
http://dx.doi.org/10.1016/j.jhydrol.2018.04.066
http://dx.doi.org/10.1016/j.ufug.2014.01.001
http://dx.doi.org/10.1016/j.envsci.2018.06.006
http://dx.doi.org/10.3390/su10103513
http://dx.doi.org/10.3390/su9071183
http://dx.doi.org/10.1016/j.envsci.2018.06.003
http://dx.doi.org/10.1016/S1474-7065(03)00106-2
http://dx.doi.org/10.1177/1420326X18799812
http://dx.doi.org/10.3390/su10061861
http://dx.doi.org/10.3390/w10040386

Sustainability 2018, 10, 4388 19 of 20

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Dabrowska, J.; Dabek, P.B.; Lejcus, I. A GIS based approach for the mitigation of surface runoff to a shallow
lowland reservoir. Ecohydrol. Hydrobiol. 2018. [CrossRef]

Szewranski, S.; Chruscinski, J.; van Hoof, J.; Kazak, J.; Swiader, M.; Tokarczyk-Dorociak, K.; Zmuda, R.
A Location Intelligence System for the Assessment of Pluvial Flooding Risk and the Identification of Storm
Water Pollutant Sources from Roads in Suburbanised Areas. Water 2018, 10, 746. [CrossRef]

Banasik, K.; Rutkowska, A.; Kohnov4d, S. Retention and Curve Number Variability in a Small Agricultural
Catchment: The Probabilistic Approach. Water 2014, 6, 1118-1133. [CrossRef]

Walega, A.; Salata, T. Influence of land cover data sources on estimation of direct runoff according to SCS-CN
and modified SME methods. CATENA 2019, 172, 232-242. [CrossRef]

Goldsztejn, J.; Supel, M.; Supel, J.; Zarebski, M.; Groch, G.; Paterek, A.; Paterek, M.; Pluta, P.; Puchyra, J.;
Frankowski, Z.; et al. Atlas Geologiczno-Inzynierski Aglomeracji Wroctawskiej [Eng. Geological and Engineering
Atlas of the Wroctaw Agglomeration]; Polish Geological Institute: Wroctaw, Poland, 2009.

Janik, G.; Olszewska, B.; Plywaczyk, L.; Lyczko, W.; Albert, M.; Nowicka, E. Applicability of Geostatistical
Tools and Fractal Theory for the Estimation of the Effect of a River on Water Relations in Adjacent Area.
River Res. Appl. 2016, 32, 1342-1354. [CrossRef]

United States Department of Agriculture. Urban Hydrology for Small Watersheds; TR-55; United States
Department of Agriculture: Washington, DC, USA, 1986.

Kwartnik-Pruc, A. Assessment of procedures for determining property boundaries in the context of creating
cadastre in Poland. In Proceedings of the 13th SGEM GeoConference on Informatics, Geoinformatics And
Remote Sensing, Albena, Bulgaria, 1622 June 2013; pp. 71-78.

IMGW. Vademecum on Hazardous Meteorsological Phenomena: Genesis, Effects, Frequency of Occurrence.
Part One—Spring, Summer; IMGW-PIB: Warsaw, Poland, 2013.

Dubicki, A.; Dubicka, M.; Szymanowski, M. The climate of Wroctawia (pol. Klimat Wroctawia). Srodowisko
2002, 9-25. Available online: http://eko.org.pl/wroclaw /pdf/klimat.pdf (accessed on 20 November 2018).
Inkildinen, E.N.M.; McHale, M.R.; Blank, G.B.; James, A.L.; Nikinmaa, E. The role of the residential urban
forest in regulating throughfall: A case study in Raleigh, North Carolina, USA. Landsc. Urban Plan. 2013, 119,
91-103. [CrossRef]

Kaluza, T.; Sojka, M.; Strzelinski, P.; Wrézynski, R.; Katuza, T.; Sojka, M.; Strzeliniski, P.; Wrozynski, R.
Application of Terrestrial Laser Scanning to Tree Trunk Bark Structure Characteristics Evaluation and
Analysis of Their Effect on the Flow Resistance Coefficient. Water 2018, 10, 753. [CrossRef]

Kermavnar, J.; Vilhar, U. Canopy precipitation interception in urban forests in relation to stand structure.
Urban Ecosyst. 2017, 20, 1373-1387. [CrossRef]

Zabret, K.; Rakovec, J.; graj, M. Influence of meteorological variables on rainfall partitioning for deciduous
and coniferous tree species in urban area. J. Hydrol. 2018, 558, 29—-41. [CrossRef]

Ajmal, M.; Moon, G.; Ahn, J.; Kim, T. Investigation of SCS-CN and its inspired modified models for runoff
estimation in South Korean watersheds. |. Hydro-Environ. Res. 2015, 9, 592-603. [CrossRef]

Bouvier, C.; Bouchenaki, L.; Tramblay, Y. Comparison of SCS and Green-Ampt Distributed Models for Flood
Modelling in a Small Cultivated Catchment in Senegal. Geosciences 2018, 8, 122. [CrossRef]

Feki, M.; Ravazzani, G.; Ceppi, A.; Milleo, G.; Mancini, M. Impact of Infiltration Process Modeling on Soil
Water Content Simulations for Irrigation Management. Water 2018, 10, 850. [CrossRef]

Hachot, J.; Himmerling, M.; Bondar-Nowakowska, E. Applying the Analytical Hierarchy Process (AHP)
into the effects assessment of river training works. J. Water Land Dev. 2017, 35, 63-72. [CrossRef]
Paule-Mercado, M.C.A; Salim, I.; Lee, B.-Y.; Memon, S.; Sajjad, R.U.; Sukhbaatar, C.; Lee, C.-H. Monitoring
and quantification of stormwater runoff from mixed land use and land cover catchment in response to land
development. Ecol. Indic. 2018, 93, 1112-1125. [CrossRef]

Kim, S.Y;; Kim, B.H.S. The effect of urban green infrastructure on disaster mitigation in Korea. Sustainability
2017, 9, 1026. [CrossRef]

Xing, Y.; Jones, P.; Donnison, I. Characterisation of nature-based solutions for the built environment.
Sustainability 2017, 9, 149. [CrossRef]

Wei, J.; Qian, J.; Tao, Y.; Hu, F; Ou, W. Evaluating spatial priority of urban green infrastructure for urban
sustainability in areas of rapid urbanization: A case study of Pukou in China. Sustainability 2018, 10, 327.
[CrossRef]


http://dx.doi.org/10.1016/j.ecohyd.2018.07.002
http://dx.doi.org/10.3390/w10060746
http://dx.doi.org/10.3390/w6051118
http://dx.doi.org/10.1016/j.catena.2018.08.032
http://dx.doi.org/10.1002/rra.2970
http://eko.org.pl/wroclaw/pdf/klimat.pdf
http://dx.doi.org/10.1016/j.landurbplan.2013.07.002
http://dx.doi.org/10.3390/w10060753
http://dx.doi.org/10.1007/s11252-017-0689-7
http://dx.doi.org/10.1016/j.jhydrol.2018.01.025
http://dx.doi.org/10.1016/j.jher.2014.11.003
http://dx.doi.org/10.3390/geosciences8040122
http://dx.doi.org/10.3390/w10070850
http://dx.doi.org/10.1515/jwld-2017-0069
http://dx.doi.org/10.1016/j.ecolind.2018.06.006
http://dx.doi.org/10.3390/su9061026
http://dx.doi.org/10.3390/su9010149
http://dx.doi.org/10.3390/su10020327

Sustainability 2018, 10, 4388 20 of 20

93.

94.

95.

96.

97.

98.

99.

Ivanovsky, A.; Belles, A.; Criquet, J.; Dumoulin, D.; Noble, P.; Alary, C.; Billon, G. Assessment of the treatment
efficiency of an urban stormwater pond and its impact on the natural downstream watercourse. J. Environ.
Manag. 2018, 226, 120-130. [CrossRef] [PubMed]

Bonneau, J.; Fletcher, T.D.; Costelloe, J.F.; Poelsma, PJ.; James, R.B.; Burns, M.]. Where does infiltrated
stormwater go? Interactions with vegetation and subsurface anthropogenic features. J. Hydrol. 2018, 567,
121-132. [CrossRef]

Eckart, K.; McPhee, Z.; Bolisetti, T. Multiobjective optimization of low impact development stormwater
controls. J. Hydrol. 2018, 562, 564-576. [CrossRef]

Jozwiakowski, K.; Bugajski, P.; Mucha, Z.; Wéjcik, W.; Jucherski, A.; Nastawny, M.; Siwiec, T.; Mazur, A.;
Obroslak, R.; Gajewska, M. Reliability and efficiency of pollution removal during long-term operation of a
one-stage constructed wetland system with horizontal flow. Sep. Purif. Technol. 2017, 187, 60-66. [CrossRef]
Gajewska, M.; Skrzypiec, K. Kinetics of nitrogen removal processes in constructed wetlands. Available online:
https:/ /www.e3s-conferences.org/articles/e3sconf/pdf/2018/01/e3sconf_bgc2018_00001.pdf (accessed on
20 November 2018).

Meyer, D.; Claveau-Mallet, D.; Dittmer, U.; Forquet, N.; Molle, P.; Morvannou, A.; Palfy, T.; Petitjean, A.;
Rizzo, A.; Samsé Campa, R.; et al. Modelling constructed wetlands: Scopes and aims—A comparative
review. Ecol. Eng. 2015, 80, 205-213. [CrossRef]

Kasprzyk, M.; Gajewska, M. Phosphorus removal by application of natural and semi-natural materials for
possible recovery according to assumptions of circular economy and closed circuit of P. Sci. Total Environ.
2019, 650, 249-256. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jenvman.2018.08.015
http://www.ncbi.nlm.nih.gov/pubmed/30114571
http://dx.doi.org/10.1016/j.jhydrol.2018.10.006
http://dx.doi.org/10.1016/j.jhydrol.2018.04.068
http://dx.doi.org/10.1016/j.seppur.2017.06.043
https://www.e3s-conferences.org/articles/e3sconf/pdf/2018/01/e3sconf_bgc2018_00001.pdf
http://dx.doi.org/10.1016/j.ecoleng.2014.10.031
http://dx.doi.org/10.1016/j.scitotenv.2018.09.034
http://www.ncbi.nlm.nih.gov/pubmed/30199670
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Literature Review 
	Materials and Methods 
	Verification Sample and Data 
	Soil 
	Land Use 
	Permeability 
	Precipitation 
	Tree Coverage 
	Soil Moisture 
	Effective Precipitation 
	Elevation 
	Precipitation Runoff 
	Water Height 

	Results 
	Stormwater Accumulation 
	Additional Land Development Guidelines 

	Discussion 
	Conclusions 
	References

