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ABSTRACT 7 

 8 

Nowadays there is a need to overcome the effects caused by rapid urbanization with more 9 

innovative methods. Recently, source control approaches, known as Low Impact 10 

Development (LID), are being used by urban planners to cope with water-related problems 11 

due to their cost-effectiveness and reliability. To do this, allocation of LID techniques in most 12 

suitable locations is done by introducing a new modeling tool called LID locator to the 13 

WetSpa-Urban software package and tested in the Watermaelbeek catchment situated in the 14 

Brussels capital region. In the first step, almost half of the catchment is eliminated from the 15 

implementation of LIDs by considering only pixels with high runoff. Also, by considering the 16 

sewer network behavior, the total area of high potential pixels for implementing LID is 17 

reduced to the range of 37% and 10% of the entire area of the catchment for different 18 

scenarios. In the next step, the selected area is further eliminated by use of suitable location 19 

algorithm based on size and other installation limitation of each type of LID. Then, the results 20 

are used as an input for the newly developed cost-optimization tool. In the end, the best 21 

scenario (10-year design storm with the current state of sewer network) is selected based on 22 

their performance in surface runoff volume reduction and the total cost. As a result, maximum 23 

flow and total volume at the outlet is reduced by 21 and 8 % for the most cost-optimized 24 

scenario in January and February 2015. In addition to considering sewer network 25 
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performance, land characteristics and LID installation limits for LID implementation, 26 

producing maps indicating the most cost-efficient locations and combinations for LIDs and 27 

visualizing them through the GUI make this tool a user-friendly product. This tool was 28 

applied to this case study in Brussels however it is applicable for other urban catchments. 29 

 30 

Keywords:  Urbanization; Source control; Low Impact Development; Locator tool, Cost-31 

optimization 32 

 33 

1. INTRODUCTION 34 

 35 

In recent years urbanization growth rapidly causes sealing of land surface to facilitate living 36 

for habitat. According to the UN population division (2014), more than 97% of the Belgian 37 

population live in urban areas. This alters the hydrology in cities by reducing infiltration and 38 

evapotranspiration, which leads to an increase in volume and velocity of surface runoff and 39 

may cause shorter response time of the catchment (Kaushal and Belt, 2012; Martin-Mikle et 40 

al., 2015; Rose and Peters, 2001; White and Greer, 2006). 41 

To overcome the problems associated with sealing the natural lands as a cause of 42 

urbanization, there are two major methods: the end-of-pipe solution and the source control 43 

Green Infrastructure (GI) approach known as LID (Booth et al., 2002; County, 1999; Dorn 44 

and Ranjithan, 2003; Ellis et al., 2004; Lee et al., 2012; Martin et al., 2007; Martin-Mikle et 45 

al., 2015a; Scholz, 2006; Villarreal et al., 2004). In the last decade, LID practices have been 46 

more implemented in urban areas compared to the other conventional approaches due to their 47 

cost-effectiveness and excellent performance to mitigate water-related problems in terms of 48 

both quantity and quality and additional environmental issues (Dietz, 2007; Kuo and Sullivan, 49 
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2001; Kurtz, 2009; Montalto et al., 2007; Pyke et al., 2011; Roehr et al., 2008; Urbonas and 50 

Stahre, 1993; Van Roon, 2005). The reason for using GI is to mitigate the effects of 51 

urbanization on the hydrological cycle by increasing the infiltration rate, storage volume and 52 

also coarsening the surface (Elliott and Trowsdale, 2007; Lai et al., 2007; Wong et al., 2002). 53 

This may lead to slower runoff, more infiltration to the soil, less flooding and more 54 

evapotranspiration in urban catchments (Coffman, 2000; Doug et al., 2005; EPA, 2000; 55 

Lawson, 2010; Weinstein et al., 2006, 2009). 56 

Over the past years, most researches have been focused on investigating the effect of 57 

experimental LID techniques, implemented at small scale (Bengtsson, 2005; Farahbakhsh et 58 

al., 2008; Gregoire and Clausen, 2011; Stovin et al., 2012; Wossink and Hunt, 2003) but only 59 

few studies examine the impact of them on a watershed scale to reach more sustainable city 60 

(Carter and Jackson, 2007; Levallius, 2005; Palla et al., 2008; Versini et al., 2015). 61 

Implementing and modeling LID on a watershed scale is different compared to the building 62 

scale. The difference is mainly due to the importance of placing each LID practices in the 63 

most suitable locations. As remotely sensed data can collect sufficient information about the 64 

terrain with the details and accuracy needed for heterogeneous urban catchments, they will be 65 

of great help in the process of finding suitable locations for different types of LIDs. To meet 66 

the main aim of urban planners,  the most crucial is to identify the best places for LID 67 

techniques with the highest potential to reduce flooding in the region. 68 

Many modeling tools are used by different researchers to answer the above questions which 69 

try to detect the best implementation of LIDs in a satisfactory way (Deletic et al., 2018; 70 

Martin-Mikle et al., 2015; Wang et al., 2010). Research is done to categorize different 71 

softwares used in this scope (Lerer et al., 2015). The division has been done based on the 72 

ability of each software packages to answer the following questions: (1) How many?, (2) 73 
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where? and (3) which type of LID?. The first term is trying to investigate the ability of the 74 

modeling tools to cover the effect of implementation of LID on water quantity, quality, 75 

economic impacts, and any other non-flow impacts. The second and third questions are also 76 

trying to categorize simulation tools based on their ability to find out the best location of LIDs 77 

and their degree of coverage in the study area, respectively. It is important to note that most of 78 

them are able to answer only one or two of the mentioned questions and just some of them are 79 

capable of covering all aspects. As an example, the EPA Storm Water Management Model 80 

(SWMM) (Rossman, 2010) can only analyze the effect of LID practices on water quantity. In 81 

addition to that, one problem associated with some of the more complete software packages is 82 

the availability of them to use freely.  83 

Although the physical processes in urban and natural catchments are the same, as a cause of 84 

the high complexity in urban areas due to the human-induced changes in slope, soil type and 85 

land-use classes, the use of spatially distributed simulation models is recommended (Versini 86 

et al., 2014). In this study, the recently developed rainfall-runoff model, WetSpa-Urban, is 87 

used by  introducing a new module for allocation of LIDs in an optimised manner and applied 88 

to a catchment in the Brussels region. 89 

 90 

2. MATERIALS AND METHODS 91 

 92 

2.1 Case Study 93 

This research tests the newly developed module on the most urbanized part of the Woluwe 94 

catchment (Watermaelbeek sub-catchment) which is located in the North West of upper 95 

Woluwe. The catchment covers an area of approximately 6.13  and it’s elevation ranges 96 

from 60 m to 142 m above sea level. Urban lands cover almost 38% of the total area being the 97 
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most dominant land-use class followed by urban forest covering 36% (Figure 1). Loamy soil 98 

is the most dominant soil type in this region (Chormanski et al., 2008, Wirion et al., 2017). 99 

Based on data which has been driven from Royal Meteorological Institute at Uccel station, the 100 

average temperature for the winter and summer season are 5.0 and 14.1°C, respectively. In addition, 101 

the average yearly precipitation in Brussels capital region is around 853  (Chormanski 102 

et al., 2008, Wirion et al., 2017). 103 

Figure 1, High resolution land-use map (Wirion et al., 2017) and elevation of Watermaelbeek 104 

catchment containing hydraulic structures 105 

As can be seen from figure 1, the study area includes the sewer network containing 32 inlet 106 

nodes (sub-catchments outlets) out of a total of 109 junctions and the reservoir with a capacity 107 

of 40,000  with a pump and a control weir. 108 

 109 

2.2 Rainfall-Runoff model 110 

To develop a locator tool for applications of LIDs, there is a need for rainfall-runoff 111 

simulation software which calculates above-ground processes based on remotely sensed data. 112 
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The reason why WetSpa-Urban is selected as a source tool for development of the LID locator 113 

tool is, firstly, because of the possibility to use input maps with the highest resolution for the 114 

placement of LIDs in the most suitable locations. Secondly, due to the flexibility of the model 115 

to be further developed as the software source code is open access and written modularly 116 

within the Python programming language. 117 

The WetSpa-Urban software is generated based on the integration of two different modeling 118 

tools named WetSpa-Python (Liu and De Smedt, 2004, Salvadore, 2015) and SWMM 119 

(Rossman, 2010). This tool is very useful in urban areas as the above-ground processes are 120 

simulated by distributed geographic information system (GIS) and Remote Sensing (RS) 121 

based maps and sewer network processes are calculated by the hydraulic simulation tool. In 122 

the WetSpa-Urban 3 types of input data are needed. High-resolution input maps (Land-use, 123 

Soil, and Digital Elevation Model [DEM]) are used to derive all essential input parameters by 124 

use of pre-defined parameter tables (Salvadore, 2015). After that, meteorological input data 125 

(Precipitation and Potential Evapotranspiration time series) and the generated parameter maps 126 

are used to calculate the surface runoff by WetSpa-Python module. In the last step, the 127 

detailed information about junctions, conduits, and control structures should be provided in 128 

the form of text file called “tmp.inp” to be used SWMM section of the new modeling tool to 129 

calculate flow in a precise method. 130 

 131 

2.3 LID Locator tool 132 

In this research, a new module for allocation of four different types of LIDs, Porous 133 

pavements, Riparian zones, Raingardens, and Green roofs, using a cost-optimized method is 134 

developed. The main reason for selection of these four types of LID is the possibility to detect 135 

their locations by satellite imagery and implementing them above the ground. The second 136 
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reason is their high efficiency to reduce storm runoff. Finally, most of them can be 137 

implemented in public areas except green roofs. The general concept of the LID locator tool is 138 

presented in figure 2. 139 

Figure 2, LID Locator tool main Framework 140 

The LID locator tool is a GIS-based decision support tool that assists the user to select not 141 

only areas where LIDs could be implemented within a large catchment but also to answer 142 

what is the best spatial combination to achieve the best possible performance in a very cost-143 

effective manner. To do this, a stepwise approach is used. As can be seen from figure 2, this 144 

tool contains three different steps: 1. Search for high potential areas to implement source 145 

control approaches; 2. Find suitable locations for different types of LIDs and 3. Find the most 146 

cost-beneficial combination using the cost-optimization tool. Subsequently, the design tool 147 

helps to define the characteristics of different types of LIDs such as soil, depth, etc.  148 

 149 

2.3.1 High potential area search algorithm 150 

The high potential areas for the implementation of LIDs are defined based on hydrological 151 

and hydraulic calculations. The hydrologic search algorithm is written in such a way to find 152 

the areas with a high runoff coefficient. This coefficient derives the fraction of precipitation 153 
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that turns to surface runoff. The runoff coefficient is calculated based on continuous slope 154 

described in equation one which shows a linear correlation between surface slope and near-155 

zero runoff coefficient. 156 

 157 

Where C [-] is the runoff coefficient for a surface with a slope of S [%], [-] is the runoff 158 

coefficient for slope less than 0.5% and [%] is a slope constant.  and  are listed in 159 

WetSpa manual (Liu and De Smedt, 2004) for different combinations of soil type and land-160 

use. 161 

In this calculation, the only input is the runoff coefficient limit, between 0 and 1, which is 162 

defined by user selection. It is important to note that, the algorithm uses the available runoff 163 

coefficient map generated based on 3 given input maps (land-use, soil and DEM) to the 164 

WetSpa-Urban during preprocessing of the surface runoff calculation. The output of the 165 

hydrological calculation is a map showing areas prone to high runoff in ASCII format. 166 

Moreover, the hydraulic search algorithm combs any sub-catchments in the region that cause 167 

a pressure higher than the user-specified value (logically between 0.5 and 1) in the sewer 168 

network by analyzing “maximum over full flow” in every single conduit. The “maximum 169 

over full flow” information is generated by the SWMM (Rossman, 2010) section of the 170 

rainfall-runoff model in the form of a text file called report.rpt. 171 

The final step in this section is overlaying the outputs of these two algorithms. In this way, the 172 

high potential area for implementation of LIDs is defined through the elimination of 173 

unsuitable regions containing sub-catchments which do not add any pressure to the sewer 174 

network and also elimination of pixels with a low runoff rate. This approach is novel since, in 175 
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addition to considering the characteristics of the surface, the sewer network function plays a 176 

vital role in the selection of high potential areas to implement LIDs. Is it also important to 177 

note that, the module gives users the option to simultaneously select the hydrology or 178 

hydraulic conditions or both, based on their main focus or data availability. 179 

 180 

2.3.2 Suitable location search algorithm 181 

The most suitable locations for four types of LIDs in a high potential area are detected by 182 

running different algorithms. This search algorithm works as an additional filter to omit more 183 

areas by considering the installation criteria of the four LID types. Porous pavements, 184 

Riparian zones, Raingardens, and Green roofs are the four main types of LIDs executed in the 185 

tool. 186 

To find the most suitable location for porous pavement, the software uses a detailed land-use 187 

map containing a road class together with two different parameters: depth to groundwater 188 

table and the suitable soil classes. According to McDonald (2011) depth to groundwater table 189 

should be at least 60cm for higher infiltration to the soil and to avoid fast ponding. In 190 

addition, soil classes with high infiltration rates (ranging from silty loam to sand) are 191 

considered as suitable (Jerjen et al., 2015; Poulikakos et al., 2013), since a permeable soil is 192 

needed to ensure infiltration of the captured water. The search algorithm then starts to 193 

calculate road pixels with the depth to groundwater table greater than the user-specified value 194 

by using a digital elevation map in combination with the use of the soil map in order to find 195 

the perfect match between current soil conditions with user preferences. 196 

The second algorithm tries to calculate areas suitable for implementation of the riparian zone. 197 

Riparian zones are areas close to all types of water bodies. In other words, floodplains or 198 

other adjacent buffer zones are riparian zones. The main important element used in this 199 
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algorithm is the available land-use map to find water pixels. Additionally, urban and built up 200 

pixels such as buildings, roads, etc. together with regions with improper soil class are 201 

eliminated from the riparian zone with the specified width defined by the user. 202 

In the next step, areas appropriate for allocation of rain gardens are calculated by the third 203 

search algorithm. To do this, the user should specify the minimum area for implementation of 204 

a single rain garden. After that, the algorithm searches for suitable pixels that are connected 205 

which are then taken as a unit with appropriate soil, land-use classes and an area more than 206 

the user-defined value. 207 

Last but not least, suitable flat roofs need to be identified for installation of green roofs. In 208 

reality this is complex and depends on many factors such as building ownership, physical 209 

characteristics of the foundation, slope of the roofs, etc. Since finding these types of 210 

information is difficult, this process is simplified by using an algorithm that only uses the 211 

available high resolution (2m) elevation map for finding flat roofs. Availability of higher 212 

resolution of DEM leads to a more accurate finding of protrusions which should be eliminated 213 

from flat roof area over the roofs. The calculation is done by comparing the elevation of each 214 

roof pixel with eight surrounding pixels. If the difference is less than the user-specified value 215 

(e.g. 10cm), then the algorithm considers the specific pixel as a horizontal pixel. Then, this 216 

process continues for all roof pixels. The connected horizontal pixels are then merged 217 

together. By calculating the area of each merged flat pixel and comparing this with a user-218 

defined parameter called minimum suitable area for implementation of a green roof, the 219 

appropriate areas of green roofs are identified. 220 

Since the outputs of the above algorithms are generated based on size and installation 221 

limitations, there is a need to overlay each by the result of the high potential search algorithm 222 

to avoid installation of LIDs at unsuitable locations. Following this, each of these four maps 223 
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area overlaid together to form one new land-use map, final output, with the highest possible 224 

coverage in the most suitable places for the four types of LIDs in the ASCII format. The 225 

creation of the final map considers the prioritization of the different types of LIDs based on 226 

user preferences and/or their performance of volume reduction versus cost. 227 

 228 

2.3.3 Cost-optimization 229 

In the last step, a Multi-Criteria Evaluation (MCE) (Carver, 1991) approach is used where 230 

various measures need to be analyzed to reach a specific objective. In this case, reducing 231 

urban surface flow with the lowest cost is the primary objective.  232 

Since MCE is a time-consuming approach, a unique procedure is added to the optimization 233 

tool by taking three options with different aims into consideration before calculating the size 234 

and location of each LID. The main reason to do this is related to limiting the number of 235 

scenarios by satisfying the objective of implementing LIDs as a source control approach. In 236 

other words, instead of selecting a random location with different size and combination of 237 

LIDs, the newly developed cost-optimization tool tries to focus on reduction of the flood by 238 

implementing LIDs based on their performance in most remote areas.  239 

In the first option, the main idea is to reduce flooding outlets only through the implementation 240 

of LIDs in the responsible source sub-catchments. Source sub-catchments are the sub-241 

catchments that provide more water to the sewer network compared to the volume available in 242 

their inlet manholes. To do this, the cost-optimization tool uses the data available in the 243 

“Node Inflow Summary” section in “report.rpt”, an outcome of the rainfall-runoff model. If 244 

the following condition is met then the sub-catchment is considered as a source: 245 

 246 
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Where S is the parameter specified by the user as a limit for defining the source sub-247 

catchment. Next, the tool looks into the section "Node Flooding Summary" in the "report.rpt" 248 

file to check whether any of the flooding nodes are a source or not. By knowing the total flood 249 

volume of the desired source sub-catchment, the coverage and order of precedence of the 250 

LIDs are defined. This can be done by asking the user the volume reduction and the cost of 251 

each LID per pixel. In this research the volume reduction for each type of LID is calculated 252 

using the conceptual mathematical equation (equation 3) provided by (CNT, 2010).  253 

 254 

As the average yearly rainfall depth over the Watermaelbeek catchment is nearly 780 mm, the 255 

retention rate for each type of LID per pixel is 0.6, 0.7, 0.6 and 0.8 for green roofs, porous 256 

pavement, riparian zones and rain gardens respectively (CNT, 2010). At the end of this stage, 257 

a new land-use map is generated based on the final output of the previous section showing the 258 

most suitable location for LID implementation. 259 

In contrast to the first option, the second option checks how flooding is reduced by 260 

introducing LID techniques in the closest responsible sub-catchments whether they are 261 

sources or not. This means that the total flood volume of any sub-catchment available in the 262 

section “Node Flooding Summary” in “report.rpt” is used with the same procedure as option 263 

one to make a new land-use map consisting of LID measures.  264 

Compared to the first option, source sub-catchment for each flooding outlet is not restricted to 265 

only one sub-catchment. The algorithm is written in a way to find as many source sub-266 

catchments as possible which can be responsible for flooding in different manholes, not only 267 

inlet nodes. Then the LID practices are placed into the responsible source sub-catchments for 268 

each manhole by filling, first the closest and then the others based on their distance from the 269 

flooded manhole. As the sewer network has the shape of tree or diagram, the LID location for 270 
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the third option is calculated using a programming technique called Breadth-first search 271 

(BFS) algorithm (Zuse, 1972). The schematic behavior of BFS is presented in figure 3. 272 

Figure 3, The schematic behavior of Breadth-first search (BFS) algorithm 273 

As can be seen, the search algorithm start at the root of the diagram (source node) in layer 274 

zero. This is a node which receives flooding in reality. If this flooding manhole is an inlet 275 

node and its source, the connected sub-catchment starts filling by LID practices. If not, the 276 

algorithm moves to layer one to find a source inlet manhole. In case of having more than one 277 

source inlet manhole in this layer, it starts filling with the sub-catchment which has more 278 

space for implementation of LID and then goes horizontally to the next one. This procedure 279 

continues till the time when the flooding in “Node Flooding Summary” table disappears. The 280 

prioritization, volume reduction and price of each LID practice are the same as previous 281 

options. 282 

By following the above steps, four new land-use maps with different LID coverage and order 283 

of precedence are generated. To avoid low accuracy when selecting the best scenario out of 284 

only four scenarios, it is advisable to do this procedure for rainfall with different return 285 

periods. In this context, the composite design storm of 20, 10, 5, 2 and one years with the 286 

duration of three hours and an interval of 10 minutes derived from IDF relationship 287 

(Intensity/Duration/Frequency-relationships) for Uccel station (Delbeke, 2001) is used. In 288 
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addition to considering the current situation of the sewer network, a hypothetical sewer 289 

network without any hydraulic structures is generated to use in the model to check to what 290 

extent the source control approach can handle flooding in urban land by removing the end of 291 

pipe solution. Following this procedure the number of scenarios is increased to the maximum 292 

of 40 options in order to facilitate selection of the most cost-optimized scenario. Figure 4 293 

demonstrates the general scheme to generate the maximum possible 40 options that can be 294 

used in the selection of the best scenario. 295 

Figure 4, General scheme for generation of the maximum possible 40 scenarios 296 

2.3.4 LID implementation 297 

After deriving new land-use maps containing different LID practices, new soil and elevation 298 

maps need to be generated by adding proper soil classes for each type of LID and digging area 299 

of rain gardens, respectively. In this study, the resulting land-use maps include only three 300 

types of LIDs, rain gardens, green roof, and porous pavement. For this reason, the soil 301 

characteristics of these three practices will be discussed in this paper. 302 

To simulate the surface runoff by the WetSpa-Urban model, the WetSpa (Salvadore, 2015) 303 

modeling tool is used. As elevation, soil and land-use maps are the base input maps for this 304 
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tool; it is essential to modify the soil classes with proper characteristics for each type of LID. 305 

Twelve parameters such as hydraulic conductivity, root depth, porosity, etc. need to be added 306 

to the parameter tables for each LID practice. Based on works done by (Asleson et al., 2009; 307 

Berretta et al., 2014; Bosley and Kern, 2008; Carpenter and Hallam, 2009; De-Ville et al., 308 

2017; Jerjen et al., 2015; Marchioni and Becciu, 2015; Poulikakos et al., 2013; Soulis et al., 309 

2017) the value for each parameter is listed in table 1. 310 

Table 1, LID parameter value for WetSpa-Urban modeling tool 311 

 312 

As can be seen from table one, the parameters of extensive types of green roofs are provided. 313 

Due to the fact that the characteristics of this type of roof are similar to grassland, the root 314 

depth is specified as 0.15  (Soulis et al., 2017). It is important to note that by using root 315 

barrier and waterproofing membrane underneath the green roof, 0  is selected for the 316 

hydraulic conductivity as a cause of not having any deep percolation and interflow originating 317 

from this type of green roof (Berretta et al., 2014; De-Ville et al., 2017).  318 

In contrast to the green roof, 1  is selected as the root depth for the rain garden. The 319 

maximum depth of rain gardens is defined as 2  with a slope of 10 . These changes in the 320 

Land-use 

class 

n 

 

PI [-] PS  RM 

 

RD 

 

C [-] WP  Kc  DP 

 

FC  

Raingarden 0.8 3.39 0.476 0.0203 2 0.03 0.024 208.8 8 0.242 

Porous 

pavement 

0.1 3.39 0.39 0.012 0.5 0.25 0.024 75 1.88 0.22 

Green roof 0.35 3.39 0.399 0.0205 0.15 0.1 0.021 0 5 0.263 
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elevation map cause smoothening in the region where rain gardens are implemented. The 321 

engineered shape of rain gardens helps the user to model rain gardens closer to reality and 322 

avoid digging rain gardens like a swimming pool.  323 

By converting roads and parking lots to porous pavement covered with loamy sand 324 

underneath the front layer (Jerjen et al., 2015; Poulikakos et al., 2013) the runoff coefficient is 325 

set to 0.25 for almost flat areas (Marchioni and Becciu, 2015). 326 

 327 

3. RESULTS AND DESCUSION 328 

 329 

It is clear that analyzing the effect of implementing a different combination of LID practices 330 

on flood and volume reduction needs a precise storm runoff modeling tool suitable for urban 331 

areas. Thus, the calibrated WetSpa-Urban model for the Watermaelbeek catchment was used. 332 

It is good to note that the calibration of the flow was not the aim of this research. This is why 333 

the calibrated model with the Nash–Sutcliffe efficiency of 88% was being used for further 334 

investigation of the effect of the best combination and most cost-optimized LID scenario on 335 

water quantity. 336 

As explained, five composite design storms with different return periods (20, 10, 5, 2 and 1 337 

year) were generated based on the IDF relationship of Uccle station. Each design storm has a 338 

total duration of 3 hours with an interval of 10 minutes. These design storms were then used 339 

as an input of the rainfall-runoff model. By running the model with the same input maps 340 

(current land-use, soil, and elevation), existing sewer network and meteorological data 341 

(rainfall) with generated return periods, five different "report.rpt" files were created as an 342 

output of the model containing flooding depth in each node, pressure of the pipes, hydraulic 343 

structures function and flow at the outlet. Additionally, five more report.rpt files were 344 
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generated by using the mentioned input maps and rainfall data with a different sewer network. 345 

In this hypothesis, all the end of pipe solutions such as reservoirs, weirs, and pumps were 346 

removed to check to what extent the LID practices can tackle the problems associated with the 347 

sewer network if the source control approach is replaced by the end of pipe solutions.  348 

 349 

3.1 High potential areas 350 

After running the model for different return periods with two specified hypotheses (with and 351 

without control structures), the LID locator tool starts calculating the high potential area 352 

maps. First of all, pixels with a runoff coefficient of less than 0.7 were eliminated from the 353 

study area. The runoff coefficient threshold was defined by considering the average value of 354 

the study area. As a result of the calculation of the high potential map based on hydrology 355 

algorithms, almost 51% (3.1 ) of the catchment was eliminated from implementing any 356 

type of LID. The pixels with high potential to generate runoff are represented in red in figure 357 

5.A. 358 

A B 
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Figure 5, Outputs of the high potential algorithm for 20 year return period storm and sewer 359 

with no control structure: A) Based on Hydrology algorithm, B) Based on the Hydraulic 360 

algorithm, C) Overlay of hydrology and hydraulic 361 

On the other hand, the high potential area was calculated based on the pressure in the sewer 362 

network. In this step, the ten generated "report.rpt" files were used to find the responsible sub-363 

catchments for high pressure in the pipes. It is evident that pipes go under more pressure for 364 

storms with higher return periods. Also, more pressure is expected in a system which has no 365 

control structure in contrast to the current sewer system. To find pipes with high pressure, the 366 

“maximum over full flow” threshold was set to 0.75 (three-quarters full at maximum 367 

discharge). This criterion is defined by sewer design manuals to ensure unaccounted flows are 368 

considered as a result of further development in urban lands in the future (San Diego Public 369 

Utilities Department, 2015). Then the hydraulic algorithm finds responsible sub-catchments 370 

for pressurized pipes based on their distance and surface runoff volume. Figure 5.B shows the 371 

responsible locations for high pressure in pipes as a result of a 20-year design storm. As 372 

shown in the following figure, most of the pressurized pipes are in the lower branch and the 373 

pipes with a high diameter that convey flow from two upper branches. This leads to a 374 

selection of a larger number of high potential sub-catchments in the southern half of the 375 

catchment area.  376 

C 
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In general, the area of high potential sub-catchments which cause further pressure to the 377 

system compared to the user-specified value varies between 3.7 and 0.9  (60% and 15% 378 

of total catchment area) for different scenarios. As an example, the hydraulic algorithm 379 

concluded that 16 sub-catchments with the entire area of 3.7  were responsible for 380 

approximately 34 pressurized pipes out of the total 109 available for the scenario with a 20 381 

year return period design storm and no control structures.  382 

At the end of this stage, more pixels were eliminated from the result of the hydraulic 383 

algorithm for each scenario by overlaying this with the result of the hydrology algorithm. By 384 

combining these two, the total area of high potential pixels for implementing LID was 385 

reduced to the range of 2.25 and 0.64  (37% and 10% of the entire area of the catchment) 386 

for different scenarios. The final outcome of high potential area generated by overlaying the 387 

results of hydrology and hydraulic algorithms for the scenario with no control structure and 388 

20 year design storm is presented in figure 5.C. 389 

 390 

3.2 Suitable locations 391 

The generated maps from the high potential algorithm for different scenarios were used as an 392 

input of the algorithm to find the most suitable place for a combination of LID practices. The 393 

appropriate locations for implementing porous pavement was defined by specifying two 394 

thresholds. First, the depth to groundwater table was selected as 5 meters, and secondly, sandy 395 

loam, silt loam, and silty clay were chosen as suitable soil types for this implementation. This 396 

results in 16% to 52% of the total pavement area (1 ) ideal for implementing porous 397 
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pavement for different scenarios. This was continued by defining all appropriate locations 398 

adjacent to the water bodies with a buffer width of 30m as a riparian zone class. 399 

In addition to the suitable soil classes and depth to groundwater defined in the previous step, 400 

the minimum acceptable area for each single rain garden needed to be specified. In this 401 

research, all rain gardens with an area less than 500  were eliminated from implementation. 402 

This criterion was defined mainly to give priority to big rain gardens, generally, owned by 403 

public sectors due to their higher efficiency. As a result, 155 rain gardens with an area greater 404 

than the user-specified threshold was detected. This algorithm found an area of 1.9  in the 405 

southwest of the catchment as the largest suitable location for conversion to a rain garden. At 406 

the end of this stage, this map was overlaid by the high potential map for the ten different 407 

scenarios to implement rain gardens with higher efficiency.  408 

In the last step, suitable locations for installing the green roofs over the flat roofs was detected 409 

by considering the minimum possible area of 30 . As can be seen from figure 6, the newly 410 

developed method for finding the flat roofs over the catchment area with the least input data 411 

(only need a map showing the location of each tent called parcel map) is very precise. 412 

Figure 6, Demonstration of LID implementation for a flat roof. (A) Real flat roof Vs. (B) 413 

generated green roof 414 
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The high precision of the LID locator tool to find flat roofs can easily be seen by comparing 415 

the orthophoto provided by Esri_BeLux_Content (figure 6.A) and the map generated by the 416 

software (figure 6.B). Although the model eliminates any protrusions over the roofs (appeared 417 

here as rounded glass protrusions), it can identify as many green roofs as possible with an area 418 

higher than the user-specified threshold over a single roof with different elevation. As can be 419 

seen in the above figure, almost eight green roofs could be implemented over the single roof 420 

surrounded by a red line.  421 

 422 

3.3 Most cost-efficient locations and combinations for LIDs  423 

As mentioned before the results from the suitable location algorithm were overlaid with the 424 

high potential map for the ten intermediate scenarios. These maps are new land-use maps 425 

containing distinguished porous pavement, riparian zone, rain garden, and green roof classes 426 

together with original land-use classes for unsuitable and low potential pixels. Table 2, shows 427 

the extent of these four types of LID in all scenarios. 428 

Table 2, Area covered by LID practices for ten different scenarios 429 

 430 

Return period [yr] 1 2 5 10 20 1 2 5 10 20 

 Sewer with no control structures Current sewer network 

Total LID coverage [%] 

Raingarden [Km2] 

Porous Pavement [Km2] 

Riparian Zone [Km2]  

Green Roof [Km2] 

11 

0.5 

0.17 

0 

0.03 

 

11 

0.5 

0.17 

0 

0.03 

22 

1 

0.3 

0 

0.05 

29 

1.3 

0.4 

0 

0.06 

47 

2.3 

0.4 

0 

0.09 

10 

0.46 

0.15 

0 

0.03 

11 

0.5 

0.17 

0 

0.03 

22 

1 

0.3 

0 

0.05 

26 

1.2 

0.35 

0 

0.06 

44 

2.1 

0.47 

0 

0.08 
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As expected, the sewer network is under more pressure for design storms with higher return 431 

periods. This leads to approximately two times more LID coverage area for the scenario with 432 

the 20 years return period storm compared to the storm of 5 year return period. As can be seen 433 

from table 2, although in general the maximum suitable location for LID implementation is 434 

slightly higher for the scenario with no control structures in comparison with the current state 435 

of the sewer network, the rate is almost steady for scenarios with return periods less than five 436 

years. It is worth mentioning that the most dominant LID selected for implementation in this 437 

catchment are rain gardens followed by porous pavement. Green roofs are the third LID class 438 

concerning their coverage. This is mainly because the Brussels region is mostly covered by 439 

sloped roofs and the tool further eliminated the remaining flat roofs with an area less than 440 

30 . , the riparian zone can only comprise a small proportion of catchment area (near zero). 441 

The ten generated new land-use maps containing the maximum suitable location for LID were 442 

used as an input to the cost-optimization tool. Although, until now, between 53 and 90% of 443 

the area are eliminated from LID implementation, the cost-optimization tries to check whether 444 

any other cost-optimized solution is available or not. As an example, the results of the cost-445 

optimization tool for the scenario with a 20 year return period design storm and sewer with no 446 

control structures is represented in figure 7.A. 447 

A 
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Figure 7, The newly generated land-use map containing LID practices for sewer without 448 

control structures and rainfall with 20 years return period: A) the maximum suitable location 449 

for LID implementation; B) The output of the second scenario in the cost-optimization tool; 450 

C) The output of the third scenario from cost-optimization tool 451 

For this scenario, nine manholes and two inlet nodes were flooded. On one hand, as the lateral 452 

inflow volume over the total volume inflow for these two inlet nodes was less than S=0.7 (the 453 

user-specified threshold for defining source sub-catchments), the first scenario could not 454 

produce any more optimized options. On the other hand, the second scenario tried only to 455 

reduce flooding from inlet nodes by their connected sub-catchments, whether they were 456 

sources or not, as shown in figure 7.B. To check the extent of LIDs needed to overcome 457 

flooding, the desired sub-catchments first were filled by the rain gardens followed by porous 458 

B 

C 
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pavements, and green roofs, respectively. The order of their priorities was defined by 459 

considering their performance in runoff volume reduction calculated by equation 2. In other 460 

words, the rain garden was the first priority due to runoff reduction rate of 7litre per day per 461 

square meter and green roof and riparian zone classes are the least priority as each square 462 

meter could reduce runoff by 5litre per day. By calculating the number of needed pixels to 463 

overcome flooding in these two sub-catchments, their number was compared with the 464 

maximum number of pixels identified in the previous step. In this case, the total flooding of 465 

0.062 and 0.081 litre are removed by implementing rain gardens over 2215 and 2893 466 

pixels in sub-catchments 21 and 6, respectively. This means, as this coverage of rain gardens 467 

fulfills the aim to stop the flooding there was no need to implement other types of LID. For 468 

the last scenario, the objective was to reduce flooding in all connecting manholes and inlet 469 

nodes. As a result, three source sub-catchments (shown in Figure 7.C with full transparency) 470 

were selected for implementing LIDs with the total area of 0.85  dominated by rain 471 

gardens. This process is repeated for the other nine scenarios. 472 

Finally, 17 land-use maps contain LID practices with different combinations, and areal 473 

distribution are generated. The reason why only 17 out of 40 land-use maps with LID are 474 

generated is that for some of the scenarios there were no more cost-optimized scenarios 475 

available. As an example, for scenarios with one and two-year design storms with and without 476 

control structures, the maximum suitable location maps are the most cost-optimized. Based on 477 

these maps and the two specified thresholds (slope and the maximum depth of rain garden) 478 

new elevation and soil maps were provided by the LID locator tool. These three maps are 479 

necessary to run the WetSpa-Urban modeling tool in order to calculate flow for each 480 

scenarios containing LIDs. Then, total inflow reduction to the sewer network was compared 481 
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to the original state for different design storm. The results of flow reduction versus cost are 482 

presented in figure 8. 483 

Figure 8, Two criterias evaluation: Volume reduction Vs. Cost 484 

The flow volume reduced in the range of 0.015 and 15  liters for different scenarios and 485 

the total cost for the LID implementation varied between 0.04 and almost 22 million euros. 486 

The best scenario was selected based on considering only two criteria: flow reduction and 487 

cost. As can be seen from the above graph a polynomial trend line was fitted to the data with 488 

the R-Squared value around 0.99. Also, by calculating the derivatives of the data in the chart 489 

and checking their slopes, the best scenario (with the highest slope) is represented by the red 490 

arrow. This results in best performance of maximum possible location for LID 491 

implementation calculated by 10-year design storm with current sewer network. 492 

Last but not least, the performance of the most cost-optimized scenario is evaluated by 493 

comparing “maximum over full depth” of pipes, flood reduction, inflow and outflow volume 494 

reduction with no LID scenario to check how far the changes increase the sewer network 495 

efficiency. The results showed a total inflow volume to the sewer network reduced by 496 

approximately 15%. Besides, the total amount of flow at the outlet declined by 12%. 497 

x106 
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Moreover, 63% reduction in total flood volume observed. In other words, the overall flood 498 

volume decreased around 1.262  liter by implementing LIDs in 29% of the catchment 499 

area. It is worth mentioning, “maximum over full depth” in one-quarter of pressurized pipes 500 

reach to the value less than the specified threshold (0.75) after these changes. 501 

 502 

Figure 9, Comparison of flow at the outlet for current state and LID implemented based on 503 

best scenario for real-time series 504 

The design storms were used for evaluation of scenarios to make the selection of best option 505 

out of MCE faster. Therefore, checking the response of sewer network to implementing LIDs 506 

in the most cost-optimized method was essential by running the rainfall-runoff model for real-507 

time series. To do this, the newly generated land-use, elevation and soil maps for the best 508 

scenario were used as inputs for the WetSpa-Urban together with rainfall and evaporation data 509 

with 10-minute intervals for January and February in 2015. The comparison of flow at the 510 

outlet for maps driven in 2015 and LID implemented scenario for a short period in January is 511 

represented in figure 9. It is clear that the flow at the outlet decreased by introducing LIDs to 512 

the catchment area. As can be seen from figure 8, the flow reduction after LID 513 

implementation followed the same pattern. The first peak after a long dry period reduced by 514 
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around 30% compared to the current state. This is different for the consecutive rainfall events. 515 

As an example, the two most significant rainfall events that came immediately after smaller 516 

events experienced approximately 10% reduction in comparison to the original state. This is 517 

because LIDs are not capable of handling big rainfall events. In addition to that, the storage 518 

capacity of LIDs became almost full by the first rainfall event, and they could not function 519 

well for consecutive rainfall events. Lastly, it is worth mentioning that the maximum flow 520 

decreased from 6.452 to 5.764 CMS at the outlet which showed a 21% reduction. 521 

 522 

4. CONCLUSION 523 

 524 

In this research, the new stepwise methodology to generate suitability maps for implementing 525 

four types of LID (rain garden, green roof, porous pavement, and riparian zone) introduced in 526 

a module called LID locator tool was evaluated. The tool tried to eliminate unnecessary 527 

locations for LID implementation through high potential calculation followed by the suitable 528 

location algorithm. The high potential algorithm was further divided into two sections: 529 

hydrology and hydraulic. By specifying the catchments average runoff coefficient as a 530 

threshold for the hydrology algorithm, nearly 49% of the catchment area was identified as 531 

high potential. Besides, by checking the pressure in conduits, the determined high potential 532 

area varied between 3.7 and 0.9  for different scenarios. Overlaying of these two 533 

algorithms led to a final combined high potential map for different scenarios. 534 

The generated map was further used as an input for the suitable location algorithm to place 535 

different types of LID over the selected regions. In this step, further elimination was done by 536 

installation and construction limitation such as size, depth to ground water, soil type, etc. As a 537 

result, between 10 and 47% of the Watermaelbeek catchment was considered as the maximum 538 
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suitable location for implementing LID for different scenarios. Then, these maps were used as 539 

an input for the cost-optimization tool to check whether any more optimized solutions were 540 

available or not. By comparing the flow reduction versus investment cost for resulting 541 

scenarios, the maximum suitable areas spatially distributed for LIDs generated by considering 542 

a 10-year design storm with the current state of sewer network was selected as the best 543 

scenario. 544 

Compared to the original land-use state, implementing LID following the order of the best 545 

scenario for a 10-year design storm led to a 15% reduction in surface runoff. This means 12 546 

and 63 % reduction in flow volume at the catchment outlet and total flood volume reduction, 547 

respectively. The effect of implementing LID was not only limited to the mentioned aspects. 548 

Therefore, the reservoir is evaluated to get a better overview of the functioning of the whole 549 

system. The results show approximately 30% reduction in the average volume of water stored 550 

in the reservoir during the rainfall event. In addition, less than half of the reservoir capacity 551 

becomes full. This shows 11% decline compared to the original land-use state without any 552 

source control approaches. Finally, the results from real-time series (January and February) 553 

shows the same pattern in flow volume reduction compared to the current state. After 554 

implementing LID only 10% of reservoir capacity become full, this causes 30% reduction in 555 

power usage of the pump. Although the maximum flow at the outlet reduced by 21% after 556 

LID implementation based on best scenario, the total volume reduced by approximately 8%. 557 

The LID locator tool is developed in a way to be applicable for any other case study and for 558 

different target users by having a minimum data requirement of the 3 input maps (land-use, 559 

soil and DEM) at any resolution. Having more information regarding the groundwater table, 560 

parcel maps, etc. together with higher resolution data enable users to select more algorithms 561 

and thus obtain a more precise location for LID practices. 562 
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 It is worth adding that, in addition to the high precision of the LID locator tool in finding the 563 

most suitable location for four specified LIDs using an optimized method, having a GUI 564 

(graphical user interface) makes the software user-friendly. This allows users to select the 565 

appropriate algorithms for specific types of LIDs based on the availability of input data and 566 

parameters (such as runoff coefficient and size limit) and user experience. Moreover the tool 567 

produces user-friendly maps indicating the best and most cost-efficient locations and 568 

combinations for LIDs and visualizing them through the GUI. This will help urban planners 569 

and decision-makers to implement sustainable water management with more ease. All 570 

mentioned features makes the software applicable for a wide range of users from scientists to 571 

stakeholders. The other advantage is considering sewer network performance in selection of 572 

suitable sites for implementing LIDs together with land characteristics and LID installation 573 

limits. Finally, developing a module to assess the ecosystem services such as air quality, 574 

amenity, air temperature, carbon sequestration, etc. would be a great help to avoid selection of 575 

best scenario by considering only flow volume reduction and cost. 576 

 577 

5. ACKNOWLEDGMENT 578 

 579 

The meteorological dataset is provided by the Royal Meteorological Institute (Uccle) and the 580 

Brussels Company for Water Management (SBGE-BMWB) via Flowbru.be and the parcel 581 

map is derived from UrbIS database (CIRB). We thank Dr. Ing. Guido Petrucci for assistance 582 

in providing details about the sewer network and the existing SWMM model and Charlotte 583 

Wirion who provided the GIS and remote sensing base input maps for the WetSpa model. We 584 

are also immensely grateful to Imeshi Weerasinghe for her comments on an earlier version of 585 

the manuscript that greatly improved the manuscript. We further acknowledge the 586 



30 

 

constructive feedback of the 3 reviewers of the UDM extended abstract and the efficient 587 

editing. 588 

 589 

6. REFERENCES 590 

 591 

Asleson, B. C., Nestingen, R. S., Gulliver, J. S., Hozalski, R. M. and Nieber, J. L.: 592 

Performance Assessment of Rain Gardens 1, JAWRA J. Am. Water Resour. Assoc., 45(4), 593 

1019–1031, 2009. 594 

Bengtsson, L.: Peak flows from thin sedum-moss roof, Hydrol. Res., 36(3), 269–280, 2005. 595 

Berretta, C., Poë, S. and Stovin, V.: Moisture content behaviour in extensive green roofs 596 

during dry periods: The influence of vegetation and substrate characteristics, J. Hydrol., 511, 597 

374–386, 2014. 598 

Booth, D. B., Hartley, D. and Jackson, R.: FOREST COVER, IMPERVIOUS‐SURFACE 599 

AREA, AND THE MITIGATION OF STORMWATER IMPACTS1, JAWRA J. Am. Water 600 

Resour. Assoc., 38(3), 835–845, 2002. 601 

Bosley, I. I. and Kern, E.: Hydrologic evaluation of low impact development using a 602 

continuous, spatially-distributed model, Virginia Tech., 2008. 603 

Carpenter, D. D. and Hallam, L.: Influence of planting soil mix characteristics on bioretention 604 

cell design and performance, J. Hydrol. Eng., 15(6), 404–416, 2009. 605 

Carter, T. and Jackson, C. R.: Vegetated roofs for stormwater management at multiple spatial 606 

scales, Landsc. Urban Plan., 80(1), 84–94, 2007. 607 

Carver, S. J.: Integrating multi-criteria evaluation with geographical information systems, Int. 608 

J. Geogr. Inf. Syst., 5(3), 321–339, 1991. 609 

Chormanski, J., Van de Voorde, T., De Roeck, T., Batelaan, O. and Canters, F.: Improving 610 

distributed runoff prediction in urbanized catchments with remote sensing based estimates of 611 

impervious surface cover, Sensors, 8(2), 910–932, 2008. 612 

Coffman, L.: Low-impact development design strategies, an integrated design approach, 613 

Prince George’s Cty. Md. Dep. Environ. Resour. Programs Plan. Div., 2000. 614 

County, P. G.: Low-Impact Development Hydrologic Analysis, Prep. Prince George’s Cty. 615 

Md. Dep. Environ. Resour. Programs Plan. Div., 1999. 616 

Delbeke, L.: Extreme neerslag in Vlaanderen: nieuwe IDF-curven gebaseerd op langdurige 617 

meetreeksen van neerslag, 2001. 618 



31 

 

Deletic, A., Zhang, K., Jamali, B., Charette-Castonguay, A., Kuller, M., Prodanovic, V. and 619 

Bach, P. M.: Modelling to Support the Planning of Sustainable Urban Water Systems, in 620 

International Conference on Urban Drainage Modelling, pp. 10–19, Springer., 2018. 621 

De-Ville, S., Menon, M., Jia, X., Reed, G. and Stovin, V.: The impact of green roof ageing on 622 

substrate characteristics and hydrological performance, J. Hydrol., 547, 332–344, 2017. 623 

Dietz, M. E.: Low impact development practices: A review of current research and 624 

recommendations for future directions, Water. Air. Soil Pollut., 186(1-4), 351–363, 2007. 625 

Dorn, J. L. and Ranjithan, S. R.: Evolutionary multiobjective optimization in watershed water 626 

quality management, in International Conference on Evolutionary Multi-Criterion 627 

Optimization, pp. 692–706, Springer., 2003. 628 

Doug, B., Hitesh, D., James, L. and Paul, M.: Report on the environmental benefits and costs 629 

of green roof technology for the city of Toronto, 2005. 630 

Elliott, A. H. and Trowsdale, S. A.: A review of models for low impact urban stormwater 631 

drainage, Environ. Model. Softw., 22(3), 394–405, 2007. 632 

Ellis, J. B., Deutsch, J.-C., Mouchel, J.-M., Scholes, L. and Revitt, M. D.: Multicriteria 633 

decision approaches to support sustainable drainage options for the treatment of highway and 634 

urban runoff, Sci. Total Environ., 334, 251–260, 2004. 635 

EPA, U.: Low Impact Development (LID); A Literature Review, Wash. DC US Environ. Prot. 636 

Agency Off. Water Low Impact Dev. Cent., 2000. 637 

Farahbakhsh, K., Despins, C. and Leidl, C.: Evaluating the feasibility and developing design 638 

requirements and tools for large-scale rainwater harvesting in Ontario, Canada Mortgage and 639 

Housing Corporation., 2008. 640 

Gregoire, B. G. and Clausen, J. C.: Effect of a modular extensive green roof on stormwater 641 

runoff and water quality, Ecol. Eng., 37(6), 963–969, 2011. 642 

Jerjen, I., Poulikakos, L. D., Plamondon, M., Schuetz, P., Luethi, T. and Flisch, A.: Drying of 643 

Porous Asphalt Concrete Investigated by X-Ray Computed Tomography, Phys. Procedia, 69, 644 

451–456, 2015. 645 

Kaushal, S. S. and Belt, K. T.: The urban watershed continuum: evolving spatial and temporal 646 

dimensions, Urban Ecosyst., 15(2), 409–435, 2012. 647 

Kuo, F. E. and Sullivan, W. C.: Environment and crime in the inner city does vegetation 648 

reduce crime?, Environ. Behav., 33(3), 343–367, 2001. 649 

Kurtz, T.: Flow monitoring of three ecoroofs in Portland, Oregon, in Low Impact 650 

Development for Urban Ecosystem and Habitat Protection, pp. 1–10., 2009. 651 

Lai, F., Dai, T., Zhen, J., Riverson, J., Alvi, K. and Shoemaker, L.: SUSTAIN-AN EPA BMP 652 

process and placement tool for urban watersheds, Proc. Water Environ. Fed., 2007(5), 946–653 

968, 2007. 654 



32 

 

Lawson, S. O.: A Planning Framework for Low Impact Development (LID) in Stormwater 655 

Management–An Ontario Perspective, 2010, 2010. 656 

Lee, J. G., Selvakumar, A., Alvi, K., Riverson, J., Zhen, J. X., Shoemaker, L. and Lai, F.: A 657 

watershed-scale design optimization model for stormwater best management practices, 658 

Environ. Model. Softw., 37, 6–18, 2012. 659 

Lerer, S. M., Arnbjerg-Nielsen, K. and Mikkelsen, P. S.: A mapping of tools for informing 660 

water sensitive urban design planning decisions—questions, aspects and context sensitivity, 661 

Water, 7(3), 993–1012, 2015. 662 

Levallius, J.: Green roofs on municipal buildings in Lund: modeling potential environmental 663 

benefits, Lunds Univ. Naturgeografiska Inst.-Semin., 2005. 664 

Liu, Y. B. and De Smedt, F.: WetSpa extension, a GIS-based hydrologic model for flood 665 

prediction and watershed management, Vrije Univ. Brussel Belg., 1–108, 2004. 666 

Marchioni, M. and Becciu, G.: Experimental results on permeable pavements in urban areas: a 667 

synthetic review, Int. J. Sustain. Dev. Plan., 10(6), 806–817, 2015. 668 

Martin, C., Ruperd, Y. and Legret, M.: Urban stormwater drainage management: The 669 

development of a multicriteria decision aid approach for best management practices, Eur. J. 670 

Oper. Res., 181(1), 338–349, 2007. 671 

Martin-Mikle, C. J., de Beurs, K. M., Julian, J. P. and Mayer, P. M.: Identifying priority sites 672 

for low impact development (LID) in a mixed-use watershed, Landsc. Urban Plan., 140, 29–673 

41, 2015. 674 

McDonald, D.: Locating and Planning a Rain Garden, Seattle Public Utilities [online] 675 

Available from: https://depts.washington.edu/uwbg/docs/stormwater/4 -676 

Locating_PlanningRainGardens.pdf, 2011. 677 

Montalto, F., Behr, C., Alfredo, K., Wolf, M., Arye, M. and Walsh, M.: Rapid assessment of 678 

the cost-effectiveness of low impact development for CSO control, Landsc. Urban Plan., 679 

82(3), 117–131, 2007. 680 

Palla, A., Berretta, C., Lanza, L. G. and La Barbera, P.: Modelling storm water control 681 

operated by green roofs at the urban catchment scale, in 11th International Conference on 682 

Urban Drainage, Edinburgh, Scotland, UK., 2008. 683 

Paul, M. J. and Meyer, J. L.: Streams in the urban landscape, Annu. Rev. Ecol. Syst., 333–684 

365, 2001. 685 

Poulikakos, L. D., Saneinejad, S., Gilani, M. S., Jerjen, I., Lehmann, E. and Derome, D.: 686 

Forced convective drying of wet porous asphalt imaged with neutron radiography, Adv. Eng. 687 

Mater., 15(11), 1136–1145, 2013. 688 

Pyke, C., Warren, M. P., Johnson, T., LaGro, J., Scharfenberg, J., Groth, P., Freed, R., 689 

Schroeer, W. and Main, E.: Assessment of low impact development for managing stormwater 690 



33 

 

with changing precipitation due to climate change, Landsc. Urban Plan., 103(2), 166–173, 691 

2011. 692 

Roehr, D., Laurenz, J. and Kong, Y.: Green envelopes: Contribution of green roofs, green 693 

facades and green streets to reducing stormwater runoff, co emissions and energy demand in 694 

cities, in International Low Impact Development Conference., 2008. 695 

Rose, S. and Peters, N. E.: Effects of urbanization on streamflow in the Atlanta area (Georgia, 696 

USA): a comparative hydrological approach, Hydrol. Process., 15(8), 1441–1457, 2001. 697 

Rossman, L. A.: Storm water management model user’s manual, version 5.0, National Risk 698 

Management Research Laboratory, Office of Research and Development, US Environmental 699 

Protection Agency Cincinnati., 2010. 700 

Roy, A. H., Wenger, S. J., Fletcher, T. D., Walsh, C. J., Ladson, A. R., Shuster, W. D., 701 

Thurston, H. W. and Brown, R. R.: Impediments and solutions to sustainable, watershed-scale 702 

urban stormwater management: lessons from Australia and the United States, Environ. 703 

Manage., 42(2), 344–359, 2008. 704 

Salvadore, E.: Development of a flexible process-based spatiallydistributed hydrological 705 

model for urban catchments, PhD thesis, Vrije Universiteit Brussel, Belgium., 2015. 706 

Sansalone, J. J. and Cristina, C. M.: First flush concepts for suspended and dissolved solids in 707 

small impervious watersheds, J. Environ. Eng., 130(11), 1301–1314, 2004. 708 

Scholz, M.: Wetland systems to control urban runoff, Elsevier., 2006. 709 

Soulis, K. X., Ntoulas, N., Nektarios, P. A. and Kargas, G.: Runoff reduction from extensive 710 

green roofs having different substrate depth and plant cover, Ecol. Eng., 102, 80–89, 2017. 711 

Stovin, V., Vesuviano, G. and Kasmin, H.: The hydrological performance of a green roof test 712 

bed under UK climatic conditions, J. Hydrol., 414, 148–161, 2012. 713 

Urbonas, B. and Stahre, P.: Stormwater: best management practices and detention for water 714 

quality, drainage, and CSO management., 1993. 715 

Van Roon, M.: Emerging approaches to urban ecosystem management: the potential of low 716 

impact urban design and development principles, J. Environ. Assess. Policy Manag., 7(01), 717 

125–148, 2005. 718 

Versini, P.-A., Gires, A., Abbes, J.-B., Giangola-Murzyn, A., Tchiguirinskaia, I. and 719 

Schertzer, D.: Simulation of Green Roof Impact at Basin Scale by Using a Distributed 720 

Rainfall-Runoff Model, in 13th International Conference on Urban Drainage (ICUD), pp. 1–721 

9., 2014. 722 

Versini, P.-A., Ramier, D., Berthier, E. and De Gouvello, B.: Assessment of the hydrological 723 

impacts of green roof: From building scale to basin scale, J. Hydrol., 524, 562–575, 2015. 724 

Villarreal, E. L., Semadeni-Davies, A. and Bengtsson, L.: Inner city stormwater control using 725 

a combination of best management practices, Ecol. Eng., 22(4), 279–298, 2004. 726 



34 

 

Wang, X., Shuster, W., Pal, C., Buchberger, S., Bonta, J. and Avadhanula, K.: Low impact 727 

development design—Integrating suitability analysis and site planning for reduction of post-728 

development stormwater quantity, Sustainability, 2(8), 2467–2482, 2010. 729 

Weinstein, N., Glass, C., Heaney, J. P., Huber, W. C., Jones, P., Kloss, C., Quigley, M., 730 

Stephens, K. and Strecker, E.: Decentralized stormwater controls for urban retrofit and 731 

combined sewer overflow reduction, Water Environment Research Foundation Alexandria, 732 

VA, United States., 2006. 733 

Weinstein, N., Cotting, J., Nees, D., Downing, S., Lee, J., Tauber, B., English, A., Kloss, C., 734 

Glass, C. and Huber, W. C.: Decentralized Stormwater Controls for Urban Retrofit and 735 

Combined Sewer Overflow Reduction: Phase 2, Water Environment Research Foundation., 736 

2009. 737 

White, M. D. and Greer, K. A.: The effects of watershed urbanization on the stream 738 

hydrology and riparian vegetation of Los Penasquitos Creek, California, Landsc. Urban Plan., 739 

74(2), 125–138, 2006. 740 

Wirion, C., Bauwens, W. and Verbeiren, B.: Location-and time-specific hydrological 741 

simulations with multi-resolution remote sensing data in urban areas, Remote Sens., 9(7), 645, 742 

2017. 743 

Wong, T. H., Fletcher, T. D., Duncan, H. P., Coleman, J. R. and Jenkins, G. A.: A Model for 744 

Urban Stormwater Improvement: Conceptualization, in Global Solutions for Urban Drainage, 745 

pp. 1–14., 2002. 746 

Wossink, A. and Hunt, W. F.: An evaluation of cost and benefits of structural stormwater best 747 

management practices in North Carolina, NC Cooperative Extension Service., 2003. 748 

Zuse, K.: Der Plankalkül, Gesellschaft für Mathematik und Datenverarbeitung., 1972. 749 

750 



35 

 

 751 


