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ABSTRACT 

Moein Ashofteh Beyraki: Automated catchment definition for simulations of city-scale storm-

water network 

Master’s thesis 

Tampere University 

Master of Science (Technology) Degree Programme in Environmental Engineering 

Dec 2022 
 

The growing impact of climate change on the frequency of extreme weather events and the 
quality of surface water has necessitated more accurate urban stormwater modeling. Establishing 
stormwater models can save resources and minimize detrimental environmental impacts when 
the most critical parts of the network are identified first. The EPA Storm Water Management Model 
(SWMM) is widely used to study runoff in urban areas. Rainfall-runoff modeling with SWMM re-
quires precise characterization of sub-catchments. However, the delineation and parametrization 
of accurate sub-catchments for large urban areas and a city-scale model is a time-consuming and 
complex process, which makes it tedious and prone to designers' errors.  

Manual catchment delineation and parametrization challenges indicate the need for auto-
mated tools to save modelers a significant amount of time and prevent manual errors. Nonethe-
less, automated methods can only be used if they are proven to demonstrate their ability to pro-
vide realistic results. Furthermore, selecting the spatial resolution of the sub-catchments remains 
a challenge for simulating the models without a high computational burden. 

The main objectives of the thesis were to assess methods for automated delineation and par-
ametrization of SWMM sub-catchments for city-scale modeling applications. The target was to 
avoid manual work as much as possible while keeping the results consistent using varying Geo-
graphic Information System (GIS) approaches and literature values. Testing the automated meth-
ods was investigated in two main steps. In the first step, four different GIS-based methods are 
used, namely: the old HSY method, QGIS, GISTOSWMM, and SCALGO. SWMM sub-catch-
ments were created using these methods in four selected case areas within the Helsinki combined 
sewer network (CSN) in Finland. The methods were compared with each other, focusing on the 
fluency of the process, hydraulic results, spatial resolution, and the capability to be used in a city-
scale model. In addition, the thesis discusses the impacts of using automation, a new impervi-
ousness layer, and varying levels of detail in catchment definition. In the second step, the best 
method was used for the whole Helsinki CSN for evaluation in an extensive city-scale model. 

The results indicate that the SCALGO method can be used to make hydrological models that 
range from small to city-scale due to its fast and accurate catchment definition, adjustable spatial 
resolution, and good model performance. It was found that including stormwater inlets in the 
SCALGO catchment definition method had a minor effect on the hydraulic results. The use of 
merged sub-catchments with a minimum adjustable area via the SCALGO toolbox was found 
practical for finding a suitable subcatchments size. Furthermore, the new data (LaserVesi) ob-
tained from an automated imperviousness surface detection model was useful in estimating the 
sub-catchments imperviousness parameter. The results of this study make it easier to update 
sub-catchments for city-scale models. In Helsinki, this is particularly interesting as the network is 
upgraded annually and more separate sewers are built. While this study focused on automated 
catchment definition methods for city-scale networks, the findings provide in-depth information 
about SWMM models' automatic implementation for urban catchments without calibration. 
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1. INTRODUCTION 

Stormwater is surface water that originates from rainfall or melting snow and ice. Flash 

flooding from stormwater in heavy and sudden rainfall, is among the most frequently 

occurring natural disasters (UNISDR, 2015). Urban areas are particularly prone to floods, 

resulting in life losses and economic damage (Y. Chen et al., 2015). Besides, because 

of climate change and the frequency of extreme climate events, these consequences are 

anticipated to be intensified in many locations in the future (Mirza, 2003). Thus, urbani-

zation, growing population, and climate change are three global trends pushing the im-

portance of urban stormwater management in urban areas (Semadeni-Davies et al., 

2008). One of the aspects of stormwater management is to decrease the overflow fre-

quency in the combined sewer systems (CSS) in which sanitary and stormwater are col-

lected and transported together (Fu et al., 2019). CSS encounter significant fluctuation, 

including high flows during storm events (Bareš et al., 2008). Sufficient precipitation in 

CSS can lead to combined sewer overflow (CSO), resulting in untreated sewage dis-

charges into receiving water bodies and posing serious challenges to maintaining water 

quality criteria (Fu et al., 2019; Garofalo et al., 2017). 

Urban development has induced land cover modifications and impervious surface ex-

pansion in cities (Dou & Kuang, 2020). This has led to more runoff generation and fre-

quent overflows in cities' sanitary and combined sewer networks, often due to severe 

storms exceeding the network's capacity (Fletcher et al., 2013). To address this issue 

and prevent overflows, designers must analyze, forecast, and manage peak flows, which 

can be estimated only by using modeling on a large scale (Kong et al., 2017; Radinja et 

al., 2019). Physical-based hydrological models like the Stormwater Management Model 

(SWMM) are the efficient and cost-effective way to test the reliability and performance of 

stormwater systems (Autixier et al., 2014). In SWMM-based models, the study area must 

be divided into sub-catchments linked to each other and the drainage network. The 

shapes, areas, outlets, and parameters of the sub-catchments will affect the accuracy of 

the urban surface runoff and its concentration times (Rossman, 2016). As a result, a 

precise characterization of sub-catchments is critical for urban rainfall-runoff models. 

However, the delineation and parametrization of accurate sub-catchments for large ur-

ban areas are tedious and complex processes (Niemi et al., 2019). Thus, building 
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hydrological models is time-consuming and prone to designer’s errors. Manual catch-

ment delineation and parametrization challenges highlight the necessity for automated 

methods (Krebs et al., 2014). Different methods with varying techniques, assumptions, 

type of data, and spatial distribution have been proposed by academia and commercial 

software developers. All of these methods integrate (Geographical Information System) 

GIS technologies in hydrological modeling to ease the development of hydrological mod-

els in urban environments but have not been tested or compared on a large scale. 

1.1 Goals, research questions and scope 

This thesis explores the hydrology setup and parameterization for the extensive urban 

combined sewer network (CSN) with SWMM. The goal of the research is: “Explore the 

best methodology for semi-automated or automated catchment delineation and para-

metrization with efficient and accurate results”. To achieve this, different methods are 

tested on small areas, and an automated method with more features and better hydraulic 

results is adopted for updating the whole Helsinki combined sewer network. The follow-

ing three research questions (RQ) sum up the goals of this thesis: 

RQ1: Which method is more robust, automated, and systematic and leads to good 

enough hydraulic results, compared to the measurement? 

• How much manual work is still needed for using each method and to process the 

initial data required? 

• How do different data like the new automated imperviousness layer impact hy-

drological modeling?  

RQ2: How do the increased level of catchment detail and spatial resolution affect simu-

lation performance?  

• Which of the methods enables the use of varying spatial resolution?  

• What level of detail results in good enough accuracy while being efficient (con-

sidering model uncertainties)?  

RQ3: How to best apply the automatic catchment delineation and parametrization on a 

large scale?  

• Test selected methodology for the entire Helsinki combined sewer (CS) (approx. 

17 km²)  

• What are the most critical factors in the scaling-up process? Where are the bot-

tlenecks?  
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• Recommendations for full implementation of the Helsinki CS catchment update 

using automatic processes. 

In addition, the study scope is limited to investigating catchment delineation and para-

metrization approaches for SWMM modeling. Model calibration is not included in the 

study objectives. 

1.2 Structure of the thesis 

Chapters 2 and 3 provide background on the fundamentals of hydrology and modeling 

concepts for this study. Chapter 2 contains fundamental information on the hydrological 

water cycle and sewage systems in urban areas. Chapter 3 introduces the principles of 

rainfall-runoff modeling and discusses key points and challenges in building the SWMM 

model, as well as the effects of sub-catchment parameters on the results. 

In Chapter 4, the study's methodology is presented by depicting the research process 

and demonstrating the tools used for each step of this study. Then, study sites, data 

sources, and catchment definition methods are described. This chapter will concern how 

the sub-catchments are generated and given the parameters for case areas and the city-

scale model. 

Chapter 5 presents the statistical and hydraulic results of models with different sub-

catchment definitions. First, results and findings in case areas were discussed, and 

catchment definition methods were compared. Then, the results of the scale-up process 

were also covered in the same chapter. Finally, the study's findings and identification of 

worthwhile topics for future investigations will be summarized in Chapter 6. 
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2. URBAN HYDROLOGY 

2.1 Regional water balance and catchment 

A catchment (also known as a drainage basin and watershed) serves as the fundamental 

regional unit in the majority of hydrological analyses and modeling (Bren, 2015). It is 

defined as a region that contributes to the stream flows at a specific cross-section of a 

watercourse or a specific inlet to the stormwater network (Dingman, 2015). Lack of a 

topographic map, catchment size, and large flat areas are among the difficulties in catch-

ment definition (Bren, 2015). 

Catchments can be defined based on topography and the division is the boundary along 

which water may flow to either of two distinct catchments. In the past, catchments have 

been defined using topographic maps with elevation contours (Dingman, 2015). Digital 

elevation models (DEMs) and digital terrain models (DTMs), however, have recently 

taken over as the primary data source using GIS systems (Bren, 2015). The main differ-

ence between these two models is that DEM typically takes into account all persistent 

objects on the surface, such as buildings, trees, and other artifacts, whereas the DTM 

shows the bare earth surface (Podobnikar et al., 2000).  

Each catchment is a system (see Figure 1), with a control volume governed by the re-

gional water-balance equation: 

𝑃 + 𝐺𝑖𝑛 − (𝑄 + 𝐸𝑇 + 𝐺𝑜𝑢𝑡) = 𝛥𝑆  (1) 

Where: 

𝑃 = precipitation [mm/d], 

𝐺𝑖𝑛 = ground-water inflow [mm/d], 

𝑄 = stream outflow [mm/d], 

𝐸𝑇 = evapotranspiration [mm/d], 

𝐺𝑜𝑢𝑡 = ground-water outflow [mm/d], 

𝛥𝑆 = change of (liquid and solid) water storages [mm/d]. 
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Figure 1. Regional water balance in conceptual catchment model. 

Due to the conservation of water volume, the change in storage can be roughly calcu-

lated as zero over a long time. Evapotranspiration considers all actions that take place 

close to land or water surfaces that cause liquid water to evaporate into water vapor. It 

includes both the evaporation of water from the ground's surface and plants' vascular 

systems into the atmosphere. During the second process, plants take in water from the 

soil, evaporating it via tiny holes in their leaves. This loss is influenced by the vegetation 

type, timing, and kind of precipitation, among other things, although it is frequently not 

as significant. (Dingman, 2015) 

2.2 Water balance alteration due to urbanization 

Urbanization dramatically impacts a catchment's hydrological functioning by altering the 

natural water pathways, infiltration, and evaporation, as shown in Figure 2 (Dow & 

DeWalle, 2000). Although the impacts vary, the majority of the water-balance alterations 

are associated with replacing natural surfaces with impervious surfaces and artificial flow 

pathways in urban catchments, which disturb the natural hydrological cycle and reduce 

infiltration and water storage capacity (Fletcher et al., 2013; Sheng & Wilson, 2009). Most 

impervious surfaces are artificial surfaces, including roofs, pavements on roads, drive-

ways, parking lots, playfields, sidewalks, etc. At the same time, many urban natural sur-

faces and non-sealed pavements are also highly compacted and have an impervious 

quality, which lowers their ability for infiltration. Furthermore, in cities, not only the soil 

surface layer has been altered and compacted. Generally, engineered soils have re-

placed thick layers of natural soils with compacted soil or other construction materials, 

changing the sub-surface infiltration characteristics in most areas. 

Furthermore, in cities, not only the soil surface layer has been altered and compacted. 

Generally, engineered soils have replaced thick layers of natural soils with compacted 
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soil or other construction materials, changing the sub-surface infiltration characteristics 

in most areas. 

 

 

Figure 2. Urbanization impacts on water cycle (Bernard & Tuttle, 1998). 

It is noteworthy that urban runoff is another term for stormwater from urban areas, and 

here, unless otherwise stated, the term stormwater is used to refer to urban runoff. When 

impervious surfaces do not allow rainfall to infiltrate, stormwater runs off until it finds its 

way to the drainage system, evaporates, or drains onto a pervious area where runoff can 

infiltrate into the soil. 

Additionally, most impervious surfaces convey water more efficiently than naturally per-

vious surfaces, which enables runoff to flow quickly to stormwater inlets, channels, and 

low-lying areas (Shuster et al., 2005). Therefore, rainfall's runoff process becomes faster, 

causing higher peak flows and shorter recession and concentration time which leads to 

an increase in the total runoff volume (Fletcher et al., 2013; Shuster et al., 2005). Con-

sequently, if stormwater volume and flow are high, exceeding the discharging capacity 

of the catchment, flooding may occur at the catchment outlet or in the conveyance sys-

tem. 

2.3 Combined sewer network and overflows 

Generally, urban sewage network wastewater is divided into dry-weather inflow (DWF) 

and wet-weather inflow (WWF). When there is no precipitation or snowmelt, the DWF is 

defined as the regularly observed flow that contains effluent from human developments. 

Like freshwater consumption, the DWF commonly uses a cyclical rhythm. On the other 
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hand, the stormwater flows that occur during and after a rainstorm or snowmelt event 

are represented by the WWF. Stormwater is gathered and transported from urban areas 

through an underground sewer network. When stormwater is collected, it is either con-

veyed via a separate sewer system (SSS) (Figure 3(a)), where sanitary sewer and storm-

water flow in separated pipes, or a combined sewer system (CSS), where sanitary sewer 

and stormwater flow in the same pipes, shown in Figure 3(b) (Al Aukidy & Verlicchi, 

2017). Both sewage systems listed above have benefits and drawbacks. 

 

Figure 3. Overview of the urban sewer network: (a) separate sewer system; (b) com-
bined sewer system; and (c) combined sewer overflow (adapted from Al Aukidy & Ver-

licchi, 2017 with permission from Elsevier). 

The elder of the two systems, CSS, is widely used, for instance, in the center of old 

European cities where drainage systems were constructed in the 20th century 

(Semadeni-Davies et al., 2008). CSS was used in Helsinki, the capital of Finland, before 

the 1970s. The primary benefit of CSS is transporting rainwater and wastewater to a 

treatment plant, where they are treated before being discharged into the environment 

(Thorndahl et al., 2015). However, CSS is a challenging system to operate in treatment 

plants. In CSS, inflows to a treatment plant vary in quantity, quality, and temperature, 

making chemical and biological treatment processes difficult to control. 

Another important drawback of CSS is combined sewer overflows (CSOs) (Figure 3(c)) 

which occur when the capacity of the sewers or the treatment plant is surpassed during 
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periods of high rainfall or snowfall. When the sewer network is filled up during CSOs, the 

excess sewage spills out via overflow structures directly into receiving waterbodies to 

prevent the backflow of sewage and stormwater into buildings (Tibbetts, 2005). CSOs 

contain all typical harmful substances of stormwater and untreated domestic and indus-

trial sewage that could directly contaminate receiving waters (Montserrat et al., 2015). 

Due to the widespread concern about contaminated water, stormwater and sanitary 

sewer are governed by particular legislation in all developed countries (De Feo et al., 

2014). For example, in Europe, the strict requirements of the EU environmental regula-

tions require members to enhance their wastewater treatment facilities. Furthermore, in 

developed countries, stormwater and its overflows are recognized as the primary cause 

of contamination for urban receiving water bodies (Kostarelos et al., 2011).  

Development of the SSS started because of the harmful impacts of CSOs. In the SSS, 

the stormwater is routed straight to a nearby receiving water body, while sanitary sewer 

is led and treated in WWTP (Thorndahl et al., 2015). This can enhance the water quality 

of nearby water bodies as less sanitary effluent is released into the receiving waterways. 

In Finland, in the capital, Helsinki, the first SSS was constructed in 1938. From then on, 

the SSS was used in most newly developed areas across the country (Sillanpää, 2013). 

Compared to CSS, in the SSS, the treatment process in the treatment facilities is more 

efficient since the conditions are more uniform and the inflow volume is lower. Although 

SSSs lower the possibility of CSOs, converting a CSS to a SSS is neither easy to imple-

ment in short-term nor cost-effective in old areas as it requires additional planning and 

extra pipes (Ahm et al., 2016). 

2.4 Stormwater management 

There are three common types of flooding, pluvial floods, fluvial floods, and coastal 

floods (Anees et al., 2020). Fluvial floods occur when the water level in rivers and 

streams rises, and intense windstorms from seawater or tsunamis cause coastal floods. 

Urban flooding, also known as pluvial flooding, describes inundation during heavy rainfall 

that causes runoff to surpass the drainage system's capacity and, consequently, accu-

mulation of water on the built-up surface for a long time. Due to urban expansion and the 

rapid increase in impervious surfaces and urban expansion, flooding has become more 

common in urban settings (Sheng & Wilson, 2009). In addition, the likelihood of urban 

flooding is projected to rise because of climate change (Poff, 2002). 

Hydrological events, such as rainfall or river flow, have occurrence probability, which is 

fundamental to designing flood estimation. In the past, "recurrence interval" and "return 
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period" were used to express the estimated average time between two same-size events, 

which resulted in misinterpretation. The probability of urban flooding corresponded to the 

rainfall event. Land cover changes, the state of the drainage channels, and other factors 

can affect urban flooding probability. The probability of urban flooding for urban areas 

vulnerable to river or coastal flooding depends on both the rainfall event and river stage 

(water level). 

Forecasting peak flows, runoff volumes, and discharge hydrographs are among water 

resource engineers' primary tasks (Bedient et al., 2008). In urban areas, both the infra-

structure and the people are at risk from flood flows and its repercussions might affect 

the environmental, economic, and social aspects of all societies. Sustainable stormwater 

management practices must be widely adopted to preserve the built environment and 

ensure public health. 

In CSS, the quantity and quality of CSOs vary significantly based on precipitation. As 

CSOs are heavily polluted by heavy metals, organic waste and nutrients (Al Aukidy & 

Verlicchi, 2017), the sustainable management of CSOs is critical. Therefore, it is essen-

tial to have reliable stormwater systems to reduce the risk of CSOs and the environmen-

tal damage they cause. 

Stormwater system designs vary based on their purpose and the country where they 

were first developed. This method for handling stormwater considers both future require-

ments and the preservation of natural resources (Hvitved-Jacobsen et al., 2010). The 

management strategies can be structural i.e., based on built systems, like rainwater de-

tention basins, porous pavement, green roofs, low-impact development, and vegetated 

swales, or non-structural, like pollution control, political decisions, or street sweeping 

(Barbosa et al., 2012; C. Martin et al., 2007).  

Holding runoff inside the catchment before being collected by the drainage network mit-

igates flood risks by reducing the runoff peaks reaching the catchment outlet and distrib-

uting the runoff volume over a longer period of time. Stormwater detention and retention 

ponds can be used the same way and they can delay the catchment runoff and reduce 

stormwater volume especially if they allow infiltration of stormwater into the ground. The 

detention ponds only contain water if there are precipitations. In contrast, retention ponds 

always have water inside, and the water level is up during storm events. 

Furthermore, pervious pavements, grassed swales, and other low-impact development 

techniques can attenuate and decrease the runoff peak using infiltration and evaporation 

processes (Dietz, 2007). Moreover, such techniques and practices are essential for im-

proving the quality of urban water bodies and reducing construction expenses in urban 
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development (Liu et al., 2021). Green roof construction is also popular, although its peak 

flow decrease is lower than other management techniques (Lee et al., 2010). 

All means to attenuate stormwater flows mitigate the risk of heavy rainfall events over-

loading the drainage system (pipes, pumps, etc.). The best outcome is often obtained 

when various management techniques are combined and dispersed across the water-

shed (Lehtinen, 2014). 
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3. RAINFALL-RUNOFF MODELING USING SWMM 

3.1 Rainfall-runoff modeling 

Modeling is the process of simulating the natural world using a model representing a part 

of that world. Rainfall-runoff modeling simulates the hydrological response (runoff) to a 

particular input (precipitation) over a period of time. The urban rainfall-runoff model de-

scribes rainfall-runoff processes and provides data for urban flood disaster prevention 

(Ji & Qiuwen, 2015). This can be challenging due to the highly nonlinear processes, 

complicated relationships, and great spatial variability involved (Dingman, 2015).  

There are different prediction mechanisms but mostly fall between these two poles, sys-

tem view and physically-based models. In the system view (also known as black-box or 

conceptual models), the method looks for an abstract function connecting input and out-

put functions. It has some significant disadvantages because of its simplicity. It may suc-

cessfully work in small catchments (e.g., less than 80 ha) while is unable to take into 

consideration any storage or detention ponds. (Dingman, 2015) 

In contrast, physically-based models provide a detailed description of the physical pro-

cesses that are occurring underneath such as groundwater flow, evapotranspiration, in-

filtration, snowmelt, and overland flow. In physically-based modeling, the hydrological 

process of water movement is either approximated by empirical equations or finite differ-

ence approximation of the partial differential equation describing the mass, momentum, 

and energy balance (Mbajiorgu, 1995). Therefore, it is an efficient and cost-effective way 

to test the reliability and performance of urban stormwater systems (Salvadore et al., 

2015).  

3.2   Data acquisition for rainfall-runoff modeling 

Developing rainfall-runoff models for large urban regions requires the use of suitably 

accurate spatial databases (Bach et al., 2013). In many countries, there are high-quality 

public open databases that include data, such as accurate DEM, land cover data sets 

and meteorological time series. In the best cases, temporal and geographic high-resolu-

tion hydrological data from real-time sensors are also available. Such data is rapidly im-

proving and better available in the public domain. For instance, the Finnish government 

has made an online portal publicly (avoindata.fi) that aggregates open national data-

bases under a single domain (Warsta et al., 2017). 
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Remote sensing and machine learning  

Rapid urban development and associated surface elevation and land cover change high-

light the need to understand ground surfaces accurately. Thus, there is a high need for 

generating such spatial databases for hydrological analysis and urban planning. 

In recent decades, satellite remote sensing has become a popular and helpful method 

for providing various data. Remote sensing allows for the quick capture of information on 

the land cover at a fraction of the cost of other approaches such as ground surveys (Z. 

Chen & Wang, 2010). The advantages of satellite images for mapping land cover are 

their multi-temporal availability and spatial coverage (Talukdar et al., 2020). Thus, to-

gether, GIS and remote sensing data can be used to estimate the different parameters 

of an urban catchment that SWMM models need for simulating stormwater runoff (Jain 

et al., 2016). Even though more precise mapping remains challenging because of urban 

surface diversity, this has opened up significant potential for incorporating such data into 

urban hydrological assessments. 

Among novel methods and algorithms, machine learning and computer vision have been 

widely used recently for detecting land use and land cover types using urban high-reso-

lution remote sensing images. K-means, Deep learning, support vector machines (SVM), 

and random forests (RF) are all among the machine learning models that have been 

shown to be beneficial for remote sensing image categorization owing to their ability to 

learn features from large datasets automatically (P. Zhang et al., 2018). Deep learning 

has attracted international scientific attention due to its ability to evaluate large amounts 

of data for modeling a computer learning process from observations (P. Zhang et al., 

2018). It has become the best-practice method for classifying remote sensing data and 

image classifications (H. Zhang et al., 2019). The usage of deep learning for different 

applications, such as automatically extracting features for categorizing land cover data 

like roads, building footprints, and grasslands, has mostly helped the remote sensing 

community (Mnih, 2013). 

Furthermore, Deep learning has made remarkable progress in pattern recognition which 

opens up a lot of room for advancement in automated impervious area mapping (Huang 

et al., 2019). Convolutional deep neural networks, in particular, have been effectively 

used to image categorization because they integrate the context of a single-pixel predic-

tion over many scales, using the information in the neighborhood of the predicted pixel 

and resulting in increased accuracy (P. Zhang et al., 2018). Numerous researchers and 

engineers have successfully adopted this strategy (e.g., Huang et al., 2019; Pan et al., 

2020; H. Zhang et al., 2019).  
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In Finland Helsinki Region Environmental Services Authority (HSY) has created a pre-

cise open land cover dataset for the Helsinki region (HSY, 2017). The data was gathered 

using infrared aerial orthoimages and LiDAR (Light Detection and Ranging), a remote 

sensing method used to examine the Earth's surface and measure the ranges. The Eu-

ropean Environment Agency has compiled the Urban Atlas data collection, which in-

cludes pan-European land cover information for urban zones with more than 50 000 in-

habitants (EEA, 20177). SCALGO, for example, created a "Convolutional Neural Net-

work" model based on the UNET method for mapping imperviousness in the Helsinki 

metropolitan area. The research evaluates the use of newly acquired data from the Na-

tional Laser Scanning and Aerial Imaging Program for water management (LaserVesi 

Project, 2022). 

Radar precipitation measurement 

Precipitation is the primary component driving rainfall-runoff simulation (Rossman, 

2016). To assess and model a catchment, precise precipitation observations are essen-

tial. Nevertheless, the uncertainties in the rainfall estimates can account for a significant 

portion of the modeling errors (Moulin et al., 2009). Measuring precipitation and methods 

for generalizing measured data to the studied area add uncertainty to modeling 

(Dingman, 2015). 

Even though rain gages have been used as a source of precipitation data for centuries, 

they still continue to serve as one of the primary sources of rainfall data (Kidd et al., 

2017). Automatic recording gauges can record the quantity of precipitation with a con-

sistently higher temporal resolution (Niemi, 2017). Despite having an apparently straight-

forward method of action, rain gages are prone to some degree of inaccuracy due to the 

errors caused by wind, gage calibration flaws, and evaporation losses (Humphrey et al., 

1997). The biggest issue with rain gage recordings is related to their areal representa-

tiveness, even if rain gages still provide the most precise measurements of surface rain-

fall volume and intensities at a particular location (Niemi, 2017). Since precipitation is 

known to vary greatly across both time and space, hydrologists prefer to estimate the 

areal precipitation for catchment studies instead of using point measurements (Peleg et 

al., 2013). 

Weather radars, which have been actively developed since the end of World War II, area 

another important tool for measuring precipitation. The primary benefit of employing 

weather radar is its ability to deliver spatially continuous rainfall estimation at short tem-

poral sampling intervals (5 min) and at a relatively high spatial resolution (Seo et al., 

2010). Potential useful information can be obtained from radar rainfall data when high-
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resolution rainfall data is required in urban hydrology, like urban flooding (Smith et al., 

2001; Thorndahl et al., 2017). There are, however, errors in radar measurements of pre-

cipitation. This is due to the fact that weather radar measures precipitation indirectly by 

estimating how strong the signal is reflected by water droplets. Conventional observation 

is still necessary for validating radar data against ground observations (Dingman, 2015). 

Consequently, estimates from weather radars with extensive spatiotemporal coverage 

can be modified using more precise point measurements from rain gages to provide 

more accurate precipitation estimates than those obtained solely from rain gages or 

weather radars (e.g., Seo et al., 2010). Furthermore, it is important to note that the re-

quirement to preprocess and validate radar data with massive datasets slows down mod-

eling performance and restricts the method's adoption in the typical stormwater modeling 

workflow. 

Dual-polarization radar rainfall estimations can help reduce inaccuracies and provide 

more precise snow observations compared to conventional single-polarization radars 

(Cifelli & Chandrasekar, 2010). As of June 2017, all ten of Finland's national weather 

radars can operate in dual polarization. However, the operational radar product has not 

yet made much use of the radars' dual-polarization capabilities (Gregow et al., 2017). 

Water level and flow measurements 

The environment in the sewer network is corrosive and humid. Besides, the water level 

varies at different times of the year and is usually carried in non-full open channel pipes. 

Therefore, it is challenging to measure the accurate flow inside the pipes while it is nec-

essary for evaluating the hydrological behavior of the catchment (Quevauviller et al., 

2007). While measuring the water level is often cheaper and installing the meters faster, 

flow is more often measured instead of the water level. The reason is that flow is more 

beneficial for understanding and monitoring the operation of the network, especially for 

analyzing the quantity and quality of drainage system discharges to receiving water bod-

ies (Ahm et al., 2016). Ultrasonic and electromagnetic measurements are the most com-

monly possible methods for partially filled conduits (Godley, 2002). 

An ultrasonic meter consists of two sensors that are installed outside the pipe and uses 

the Doppler effect for measuring water velocity assuming that the speed of sound in 

liquid is constant (Godley, 2002). The ultrasonic meter sends ultrasonic waves into the 

pipe at a certain angle, both upstream and downstream, and measures the time it takes 

for the waves to travel back to the meter. Ultra-sonic meters are accurate but sensitive 

to impurities in the water and variations in flow characteristics. They work better with 
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pipes that are full of water, sufficiently straight, and have a high flow rate. Ultrasonic 

meters are easily installed and can be portable (Ren et al., 2022).  

Electromagnetic flow measurement is based on the electrical conductivity of the liquid 

and Faraday's law (Li et al., 2020). The water acts as a moving conductor in the pipe, 

into which a voltage is caused by the electric field, proportional to the flow rate (Doney, 

1999). Then, the induced voltage can determine the water average velocity in the sec-

tion. The accuracy of electromagnetic flow measurement is widely known for pressurized 

pipe and has been used for more than four decades (Quevauviller et al., 2007). Electro-

magnetic flow measurement is widely used in Finland at new or renovated wastewater 

pumping stations. Electromagnetic flowmeters have accurate measurements for partially 

filled open water but needed to be calibrated before as they require an undisturbed pipe 

section and a sufficiently high flow rate (Quevauviller et al., 2007). High accuracy, unaf-

fected by high solid debris, flow range coverage, and no contact with water are among 

its advantages and demanding installation and high price were reported as its disad-

vantages (Doney, 1999; Quevauviller et al., 2007). 

3.3 The EPA Storm Water Management Model (SWMM)  

Several software programs are available to simulate physically-based rainfall-runoff 

models. The EPA Storm Water Management Model (SWMM) is among the most popular 

models (Madrazo-Uribeetxebarria et al., 2021; Shahed Behrouz et al., 2020). SWMM is 

free, open-source software provided by the United States Environmental Protection 

Agency (EPA) with a graphical user interface first developed in 1971. It is mostly utilized 

to simulate stormwater quantity and quality processes in urban areas (Peterson & Wicks, 

2006).  

SWMM source code is in the public domain and has been upgraded and re-written during 

the development process. It is used as a core engine and packaged with user-friendly 

interfaces in commercial software, e.g., Fluidit. It can model both single and multiple 

precipitation events (Rossman, 2016). The simulation period is divided into numerous 

time steps (typically minutes or hours), and SWMM can monitor the quantity and quality 

of runoff for each of these time steps. In urban areas, SWMM is commonly employed in 

the research and design of stormwater drainage systems. It has well-documented user 

manuals, and several previous case studies used SWMM as the core engine. 
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3.4 Governing equations in SWMM 

Catchment hydrology 

SWMM requires a detailed characterization of catchment land use, overland flow, and 

channelized flow paths to estimate the quantity of catchment runoff and create discharge 

hydrographs (Jain et al., 2016). Since the hydrological processes on the catchment sur-

faces are essential to rainfall-runoff modeling, the land surface must be divided into sub-

catchments (O’Loughlin et al., 1996). Sub-catchments vary in characteristics and can 

receive water input from precipitation or as runoff from adjacent sub-catchments 

(Rossman, 2016). Stormwater can infiltrate, evaporate, and turn into a runoff in the catch-

ment depending on the specific characteristics of the catchment. In SWMM, each sub-

catchment must be linked to a Rain Gage component containing rainfall intensity or vol-

ume data at particular time intervals (Rossman, 2016). Each sub-catchment has a single 

discharge point in the model. 

SWMM characterizes each sub-catchment through a set of geometrical and hydrological 

parameters such as imperviousness, Manning’s roughness coefficient, and depression 

storage for calculating the depth of water and runoff’s volumetric flow rate. SWMM en-

gine calculates the runoff rate (𝑞) from sub-catchments as follows: 

𝑞 =
1.49 ∙ 𝑊 ∙ 𝑆1/2

𝐴 ∙ 𝑛
∙ (𝑑 − 𝑑𝑠)5/3 (2) 

Where: 

𝐴 = area [m²], 

𝑊 = flow width [m], 

𝑆 = slope [m/m], 

𝑛 = Manning’s roughness coefficient [-], 

𝑑 = depth of ponding [m], 

𝑑𝑠 = depression storage [m]. 

A sub-catchment area may have both pervious and impervious surfaces. SWMM is given 

the different parameters for each portion and calculates the runoff rate separately. Runoff 

from these portions may flow over the other portion or reach the drainage system directly. 

(Rossman, 2016) 

In addition, the sub-catchments are regarded as nonlinear reservoirs, which receive pre-

cipitation and produce runoff and pollutant hydrographs. The non-linear model takes into 



17 
 

account hydrological losses, such as evapotranspiration, infiltration and initial abstraction 

by depressions, as indicated in Figure 4, (Rossman, 2016). 

 

           

Figure 4. Non-linear reservoir model (Rossman, 2016). 

According to the principle of conservation of mass, the difference between the input and 

outflow rates throughout the sub-catchment determines the net change in water depth 𝑑 

per unit of time t: 

𝜕𝑑

𝜕𝑡
= i − e − f − q (3) 

Where:  

𝑖 = precipitation rate [m/s], 

𝑒 = surface evaporation rate [m/s], 

𝑓 = infiltration rate [m/s], 

𝑞 = runoff rate [m/s]. 

The input of water onto saturated pervious or impervious surfaces causes ponding and 

surface runoff takes place if the ponding depth (𝑑) grows higher than the depression 

storage capacity of the ground (𝑑𝑠). Therefore, the surface tension's capacity to keep the 

water still is exceeded, and runoff flow over the area, as shown in Figure 4. However, 

not all the precipitations result in a runoff. Effective precipitation is the part of the rainfall 

that exceeds the loss rates on the catchment and creates runoff immediately or shortly 

after the event (Dingman, 2015). 

Evaporation occurs in the sub-catchments if there is standing water on the surfaces. The 

user can define evaporation rates from air temperatures. Furthermore, other parameters 

such as the site’s latitude and wind speed can affect the magnitude of evaporation.  
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For detailed modeling of the groundwater conditions, it is possible to incorporate optional 

Aquifer objects. Water can be exchanged between the drainage system and Aquifers via 

pipe leakages. When temperatures are low, precipitation has a chance of being collected 

in the snowpack object, which can model sub-catchment snow accumulation and melt 

(Rossman, 2016). 

The infiltration rate is the velocity at which water enters the soil from the pervious parts 

of the catchments (Dingman, 2015). Impervious surfaces eliminate infiltration in urban 

areas, increasing surface runoff (Fletcher et al., 2013). Lower infiltration rates hinder 

groundwater recharge and decrease groundwater levels and stream base flows. Conse-

quently, decreased groundwater levels could make it more challenging to use ground-

water and sustain a healthy environment. There are three different built-in infiltration 

methods are available in SWMM including the Curve Number, the Green-and-Ampt, and 

Horton's equation (Heber Green & Ampt, 1911; Horton, 1933).  

Basic hydraulic concepts 

In urban areas runoff is typically captured and conveyed with an underground combined 

sewer or stormwater system. To simulate how catchment runoff is collected by drainage 

systems and transported to the discharge point by stormwater management infrastruc-

ture, the hydraulic network must be studied. Hydraulic network determines how runoff 

and potential external inflows are hydraulically routed through a system of pipes and 

channels called conduits. In SWMM, conduits are connected at nodes that can represent 

junctions, stormwater inlets, storage units or outfalls. Common conduit parameters are, 

length, slope, invert elevations, Manning's roughness coefficient n, and cross-sectional 

geometry. Similarly, the junction nodes have parameters, namely the invert elevation, 

the depth from the ground surface and junction diameter or volume. 

To compute the flow in the conduits for each computational time step, SWMM provides 

users with the choice to use either a steady flow or an unstable flow routing method. In 

SWMM, the hydraulics of unsteady flow is determined using the Saint-Venant equations, 

a pair of partial differential equations for conservations of mass and momentum 

(Rossman, 2017). SWMM offers two primary alternative numerical solution methods for 

solving Saint-Venant equations: dynamic wave or kinematic wave analysis. Dynamic 

wave analysis provides the most theoretically correct solutions since it solves these 

equations in their complete form (Rossman, 2017). It can consider channel storage, 

backwater impacts, entrance and exit losses, flow reversal, and pressured flow. Any 

general network structure, even with diversions and loops, may use dynamic wave anal-

ysis since it calculates both water levels at nodes and flow in conduits. It is the method 
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of choice for networks susceptible to substantial backwater and flows regulation via weirs 

and orifices (Rossman, 2017). Results accuracy and simulation time are influenced by 

routing method selection (Rossman, 2017). 

The conservation of mass and momentum for gradually varied unsteady free surface 

flow can be represented as: 

𝜕𝐴

𝜕𝑡
+

𝜕𝑄

𝜕𝑥
= 0 (4) 

𝜕𝑄

𝜕𝑡
+

𝜕(𝑄2/𝐴)

𝜕𝑥
+ 𝑔𝐴

𝜕𝐻

𝜕𝑥
+ 𝑔𝐴𝑆𝑓 = 0 (5) 

Where: 

𝐴 = flow cross-sectional area [m²], 

𝑄 = flow rate [m³/s], 

𝑡 = time [s], 

𝑥 = distance [m], 

𝐻 = hydraulic head of water in the conduit [m], 

𝑍 = conduit invert elevation [m], 

𝑌 = conduit water depth [m], 

𝑆𝑓 = friction slope [m/m], 

𝑔 = acceleration of gravity [m/s²]. 

Equations (4) and (5) are utilized to determine the discharge (𝑄) in the conduits. The 

nodes' head values (𝐻) are calculated based on flow conservation. The nodes' head 

values (𝐻) are calculated based on flow conservation. The principle of flow conservation 

is dictated in each assembly, consisting of the node itself and half the length of each 

connecting link. The changes in volume with respect to time must be equal to the differ-

ence between the flow entering the node and the flow exiting the node. This formula 

computes the flow 𝑄 in the conduits and the head 𝐻 at the nodes in each time step. 

(Rossman, 2017) 

𝜕𝐻

𝜕𝑡
=

∑ 𝑄

𝐴𝑠𝑛 + ∑ 𝐴𝑠𝑙
 (6) 

Where: 
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∑ 𝑄 = net flow into the node-link (inflow – outflow), 

𝐴𝑠𝑛  = node’s storage surface area [m²], 

∑ 𝐴𝑠𝑙 = sum of the surface area contributed by the links connected to the node [m²]. 

Moreover, flows exceeding the drainage system's capacity may result in ponding. This 

enables the temporary storage of extra water at a particular junction and allows this pond 

to dry out when system capacity is once again available. Ponding may also be disabled 

by the user, resulting in the system overflowing and losing all extra volume of water from 

the model (Rossman, 2017). 

3.5 SWMM catchment definition for large urban area 

In SWMM-based models, the main watersheds (catchment) must be divided into detailed 

sub-catchments with distinct characteristics which are connected to one another or to 

the underlying stormwater network. The definition of the sub-catchments determines the 

simulation rainfall-runoff process and affects the accuracy of the runoff simulation and 

flow concentration times. Thus, SWMM requires a detailed and correct determination of 

its sub-catchment parameters for characterizing urban catchment runoff. 

SWMM sub-catchments are often made up of a variety of land cover types. As a conse-

quence, sub-catchment parameters are unique, demonstrating the spatially heterogene-

ous hydrographic properties of the urban area (Dongquan et al., 2009). The shapes, 

outlets, and parameters of the sub-catchments determine the simulation rainfall-runoff 

process and affect the accuracy of the runoff simulation and flow concentration times. 

Based on the surface properties, all sub-catchment parameters can be categorized into 

physical (geometry) and hydrological parameters. The physical parameters cover the 

sub-catchment’s width, slope, outlet as well as the shape and area, while the hydrological 

parameters include the imperviousness, depression storage, and surface. Therefore, an 

infinite number of different sets of parameters can be used to determine the overall sys-

tem and replicate the catchment response. The challenge for the catchment modeler is 

to choose a set of parameter values that are appropriate at the local scale while remain-

ing suitable for scaling up to the system level. For this, multiple sources of information 

on the urban catchment are required or helpful to increase the model's accuracy. How-

ever, detailed data regarding the urban surface area is frequently limited, which chal-

lenges parameter estimation. 

Calibration has been utilized extensively in research to determine appropriate values for 

sensitive hydrological parameters when high-resolution data is inadequate or unavaila-

ble (Choi & Ball, 2002). SWMM calibration implies carefully modifying control parameter 
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values until the results from simulation and observation are consistent. However, SWMM 

calibration requires a lot of time and resources, requiring automation in the process. Cal-

ibration is only available for gauged catchments; however, adequately gauged catch-

ments are rare in urban areas. Initial parameters can be identified successfully without 

calibration. However, this will require data to be collected, processed, and estimated as 

the model parameters, which require some manual work for large urban areas. 

This laborious parameterization of the catchment demonstrates the need for automated 

techniques, especially if applied at a large scale (Krebs et al., 2014). Most of the initial 

model parameters can be derived by GIS tools that utilize topographic data, including 

DEM, land use, and soil type. A number of prior research have shown the application of 

GIS to SWMM input data preparation (Jain et al., 2016; P. H. Martin et al., 2005). Thus, 

automatic parametrization with GIS tools can give some geometry parameters of sub-

catchment and help to assimilate surface parameters like manning’s coefficient and de-

pression storage to the literature-suggested values.   

3.6 Catchment physical (geometrical) parameters 

Catchment delineation (area/border) 

Catchment (sub-catchment) delineation is a requirement for hydrological evaluation and 

runoff estimation (Ray, 2018). Delineating and demarcating are the first steps of the 

catchment definition. Delineation is crucial since it establishes a control volume within 

which the runoff equations are utilized and the external forcing, such as precipitation and 

evaporation, are applied (Jankowfsky et al., 2013).  

Sub-catchment delineation is more complicated in urban areas as drainage networks, 

cut and fill, and road curb and gutter construction may change flow direction and sub-

catchment borders. Before the advent of remote sensing and DEMs, catchments were 

delineated mostly by manual drawings using contour maps and visual interpretations 

(Salih & Hamid, 2017). In large metropolitan areas, difficulties caused by the extent of 

the area and complicated surface flow warrant the need for automated catchment delin-

eation with a systematic approach. Despite fine details like road curbs, DEM-based de-

lineation with the required resolution has been proven to produce acceptable results 

compared to visual interpretation (Krebs et al., 2016).  

Sub-catchments are typically delineated as irregular polygons, which can be stored in 

the format of polygon feature layers by GIS. Such layers can contain sub-catchment 

parameters and attributes required for further GIS processing. 
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While previous research has advanced the use of GIS tools to analyze flow routing 

(Lhomme et al., 2004), Dongquan et al. (2009) were among the first to use a Digital 

Elevation Model (DEM) to delineate catchments in ArcGIS automatically. The approach 

combines cells that are part of the same drainage basin, independent of land cover, 

storm network configuration, or flow routing between sub-catchments. Furthermore, 

Sanzana et al. (2017) introduced Geo-PUMMA, a semi-automatic method for generating 

well-shaped vectorial meshes or Urban Hydrological Elements.  

The catchment definition is done based on the main hydraulic networks. Consequently, 

to enhance precision and enable realistic DEM-based catchment delineation in urban 

areas, all conduits are recommended to be included in the pre-processing of a DEM, 

even if not explicitly modeled (Gironás et al., 2010). Ji & Qiuwen (2015) offer a technique 

for incorporating stormwater network into DEM-based catchment delineation through the 

spatial analysis method in ArcGIS. A similar technique known as burning the DEM has 

been shown to be efficient for defining catchments (Almeida Silva, 2019). These details, 

however, are not widely known by water companies. Several commercial modeling soft-

ware (e.g., InfoSWMM, PCSWMM) provide GIS tools for automated DEM-based catch-

ment definition; nonetheless, only a few consider network inlets in the process. 

Warsta et al. (2017) introduced a free-to-use open-source (GisToSWMM5) tool for auto-

mated raster-based sub-catchment generation by using a uniform computation grid (cell-

based) and automated sub-catchment connection. The method considers each raster 

cell as one sub-catchment, which results in small enough catchments to warrant the use 

of homogeneous land use types. However, the drawback of the high-resolution cell-

based catchment approach is the excessive resolution and long simulation times that 

make the method unfeasible for large areas. Niemi et al. (2019) enhanced the tool (Gis-

ToSWMM5) by including an adaptive sub-catchment generation capability and generat-

ing sub-catchments based on real surface flow paths and land use patterns. The tool 

merges minor sub-catchments that have a common outflow and a homogenous land 

cover, significantly reducing the number of sub-catchments. This approach still produces 

a large number of sub-catchment due to the diversity of flow direction and land use in 

urban areas.  

Subcatchment Width 

Sub-catchment's width is a particular hydrologic parameter that influences the time of 

concentration and defines the shape of the runoff hydrograph. In SWMM, irregular sub-

catchments are transformed into roughly equal rectangular planes with a slope and width 

that represents the width of the overland flow. This parameter specifies the physical width 
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of one of the edges of this rectangle to which surface flow is directed perpendicularly. 

Sub-catchments, however, are rarely perfectly rectangular since they are often defined 

using topography/contour maps and land use layers. Thus, the width cannot be esti-

mated in a straightforward manner, and it is one of the least concrete SWMM parame-

ters. It is commonly implemented as a calibration parameter as it can significantly impact 

the runoff hydrograph properties (Dell et al., 2021; Rossman, 2016).  

There are techniques to determine an initial estimate of catchment width even without 

calibration. The most common method suggested in the SWMM user manual is to find 

the average maximum length of overland flow by dividing the area by this length, as 

shown in equation 7 (Rossman, 2016). The maximum length of overland flow is the 

length of the flow path from the sub-catchment’s farthest drainage point before the flow 

gets channelized. The characteristic width should be computed by averaging the maxi-

mum lengths of a variety of feasible flow routes. Another practical estimation recom-

mended by the SWMM user manual is selecting one to two times the length of the main 

drainage network throughout the sub-catchment (Rossman, 2016). 

𝑊 = 𝐴/𝐿𝑎𝑣𝑔 (7) 

𝑊 = 𝛼𝐿𝑝𝑖𝑝𝑒 (8) 

Where; 

𝐴 = sub-catchment area [m²] 

𝐿𝑎𝑣𝑔 = average maximum overland flow path [m] 

𝐿𝑝𝑖𝑝𝑒 = length of the main drainage channel 

𝛼 = dimensionless coefficient 

Reviewing other methods suggested by other scholars indicates other ways of estimating 

the hydraulic width, depending on available data and catchment shape (e.g., Krebs et 

al., 2014; Nowogoński et al., 2019) including equations described in the formulas: 

𝑊 = 𝑘√𝐴 (9) 

     𝑊 = 1.5 𝐿𝑎𝑣𝑔 (10) 

Where; 

𝑘 = dimensionless coefficient 
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Slope 

The slope parameter defines the inclination of conceptual rectangular planes. It should 

represent the average slope along the overland flow route to the drainage system inlet. 

In reality, the slope varies within each sub-catchment, especially in large heterogeneous 

sub-catchments. Hence, the most feasible way to derive sub-catchment slopes would be 

to calculate from DEM or DTM. 

The most suitable data for calculating the slope can be DTMs since they do not include 

objects on the surface, like buildings, representing the natural and surface inclination. 

DEMs can be used for calculation, but some DEM data have major flaws that should be 

addressed: the terrain should be cleared of the buildings. Excluding buildings remove 

the unrealistic values since buildings lead to significant vertical discontinuities in the ter-

rain. Therefore, the slope at cells close to rooftops can be even hundreds of percent. If 

these cell values are left untouched, mean sub-catchment slopes can unrealistically be 

increased. Therefore, buildings' rooftops should be removed for slope calculation since 

the majority of the potential energy is usually lost in a rainspout due to turbulence instead 

of changing response time. 

The slope percentage for each pixel can be derived from the neighboring cell, which can 

be averaged at each sub-catchment to compute the mean slope required for the runoff 

estimation. Furthermore, the slope can also be calculated longest flow path in the sub-

catchment since flow is mainly concentrated in the stream cells while only small amounts 

of runoff are transferred from other upstream cells. The burnt DEM/DTM should not be 

used for slope calculations since the cells around the burnt channels would result in 

incorrect slopes.  

3.7 Catchment surface (hydrological) parameters 

The sensitivity analysis or parametric research demonstrates the importance of sub-

catchment parameters. Hydrological parameters are typically derived from land cover 

classification created using remote sensing techniques. 

Imperviousness 

In SWMM, the imperviousness parameter expresses the percentage of impervious sur-

faces according to the sub-catchment total area (Rossman, 2016). Although impervious 

areas mainly include roads and streets, their physical definition is hard since many sur-

faces are only partially impervious. The imperviousness can be determined in various 

different techniques, including calibration, estimation using land cover information, 
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imperviousness layer and automatic or manual image pro-cessing of aerial or satellite 

orthophotos.  

Impervious surfaces have been highlighted as an indicator of the impacts of urbanization 

on water resources. Runoff volume and flow rates are very sensitive to estimates of im-

perviousness; thus, they should be calculated more accurately (Rossman, 2016). Total 

impervious area (TIA) is a characteristic defining the extent of imperviousness in a wa-

tershed. However, impervious areas directly connected to the drainage system (DCIA) 

(e.g., surrounded by pervious surfaces) have been reported to be a better parameter for 

representing impervious surfaces in urban areas (Ebrahimian et al., 2016). In addition, 

effective impervious area is the primary contributing area in rainfall events (Shuster et 

al., 2005).  

If the sub-catchments have been delineated homogenously, a specific value of impervi-

ousness can be set for all sub-catchment of the same land cover. Each land cover's 

imperviousness can be estimated from recommended values in the SWMM user manual 

and literature. On the other hand, if sub-catchments are composed of different land cover 

types, imperviousness can be estimated based on the area-weighted average of land 

cover types. As a result, each land cover type percentage is multiplied by the associated 

percentage of imperviousness in each land cover type to determine sub-catchment im-

perviousness. 

Manning’s roughness coefficient 

Manning's roughness coefficient defines the frictional resistance of water when flowing 

over land surfaces (Rossman, 2016). It is important to note that the overland flow pat-

terns differ significantly from open channel flow, as the water depth values might be a 

few millimeters or less (Sanz-Ramos et al., 2021).  

Manning's roughness coefficient values for overland flow are not as well-known as those 

for channel flow. This uncertainty is due to the substantial variation in land cover, transi-

tions between laminar and turbulent flow, and relatively shallow depth. Based on previ-

ous studies, a typical range for each land cover was suggested in the SWMM manual, 

but there is no consensus regarding the particular value illustrating the uncertainty 

around these estimations (Rossman, 2016). Different values are set for the pervious and 

impervious areas in SWMM sub-catchments. Good estimation can be made for both im-

pervious and pervious portions of the sub-catchment by selecting the values represent-

ing all land cover types within each portion. 
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Depression storage 

Depression storage is the depth or volume of ponded water that must be filled on the 

surface before stormwater runs off (Viessman & Lewis, 2003). In other words, it de-

scribes the part of rainfall that ponds in depressions on the ground or built surfaces with 

no possibility of escape and form surface runoff. 

Initial abstraction caused by such phenomena consists of two parts: the volume of water 

for wetting and saturating the surface and the amount of water that is stored as surface 

ponding. In ponding, the smallest depressions are filled first, and after they are filled, the 

water flows into the larger depressions and if the intensity of the rain exceeds the de-

pression capacity of the surface, the water ends up in the rainwater drainage network or 

in an open ditch, forming an effective surface runoff at the discharge point of the catch-

ment area. On pervious areas, water in depression storage can infiltrate and evaporate; 

thus, storage capacity may be refilled frequently (Rossman, 2016). However, on imper-

vious areas, water can only evaporate, requiring a longer time to regain its total capacity 

(Rossman, 2016). Depression storage is a sensitive parameter for small storm events 

as the volume stored directly removes the volume available for generating runoff (Xu et 

al., 2019). 

Different values of depression storage can be utilized for the pervious and impervious 

areas within a sub-catchment. In addition, depending on whether having depression stor-

age or not, the impervious area may be separated into two types of subareas. Thus, 

some urban land surfaces, including buildings or steep roofs, may be regarded as im-

pervious surfaces free of depression storage if precipitation on them is quickly 

drained off. In SWMM, a part of the impervious area can be set to not having depression 

storage with the percent “% Zero-Imperv” parameter to stimulate immediate run-

off  (Rossman, 2016). The sub-catchment fraction covered by buildings is usually recog-

nized as the proportion of area with no depression storage which could be estimated 

using land cover data. 

The amount of depression storage depends on the surface material, its condition and 

the slope of the surface (Arnell, 1980; Viessman & Lewis, 2003). Thus, depression stor-

age can be dependent and calculated from the slope, as shown in Figure 5, or different 

built surfaces (Arnell, 1980). Furthermore, some recommended values for depression 

storage from literature are available in the SWMM user manual, such as suggesting val-

ues up to 2.5 mm for impervious surfaces and values from 2.5 to 5.1 mm for lawns 

(Rossman, 2016). The numbers are not very accurate, and depression storage is one of 

the typical calibration parameters (Swathi et al., 2019).  
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Figure 5. Depression storage capacity as a fraction of surface slope (Arnell, 1980). 

3.8 Spatial resolution impact on rainfall-runoff modeling 

The catchment's high-resolution description details are important in urban environments 

to make an accurate representation (Q. Chang et al., 2019). Recently, the accessibility 

of high-resolution data has increased, combined with the growth in computing resources. 

As a result, more detailed high-resolution models are developed. Although there is an 

unavoidable tendency to simulate SWMM models at a higher resolution the advantages 

and disadvantages of doing so should be studied in greater detail. One of the worries 

was that the high resolution might raise an uncertainty or lead to overparameterization. 

Creating a model with a greater resolution may depict more processes occurring on 

catchment surfaces. However, defining the proper scale and balancing model features 

with an efficient and manageable computational load and keeping a certain level of mod-

eling accuracy have proven to be challenging (Q. Chang et al., 2019). Previous studies 

on changing the resolution of the SWMM models showed that while a high-resolution 

model has a relatively low impact on total runoff volumes, it is highly effective on simu-

lated peak flows (Q. Chang et al., 2019; Ghosh & Hellweger, 2012; Krebs et al., 2014). 

According to Q. Chang et al. (2019) findings, using a higher-resolution model increased 

peak flow. Warsta et al. (2017) experience the same results using grid cells as subcatch-

ments. However, Krebs et al. (2014) findings showed that a higher-resolution model has 

lower flow peaks. 
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Furthermore, since sub-catchments are defined and simulated with the hydraulic net-

works, hydraulic results might be affected by drainage network details (T. Chang et al., 

2018; Jang et al., 2018). Recent studies investigated the effects of the inclusion of storm-

water inlets in flood analysis in urban areas. Their results highlighted the importance of 

inlets for correctly representing flood extent as they determine actual drainage capacity. 
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4. MATERIALS AND METHODS 

The study's main objectives were largely defined by the HSY, the client of the study. 

Research questions were formed from the main objectives as presented in section 1. 

The study's main goal was to update the sub-catchments for the HSY CS model where 

the effects of automated catchment definition on hydrology and network hydraulics were 

studied. Since various methods were chosen for comparison, including the new method 

by SCALGO, particular test models were developed for four different case areas. After 

identifying the best method for scaling up, its performance on a large-scale area was 

investigated. 

4.1 Research process 

The investigation began with structuring and understanding the problem. It was at-

tempted to gain as much reference as possible from similar studies to investigate essen-

tial issues within the project's scope. The study work's methodology is depicted in a 

flowchart form in Figure 6.  

 

 

 

 

 

Figure 6. Research process. 

Step 1: Implementing and building model with the 4 methods for 4 case areas 
 

• Methods: HSY, QGIS, GISTOSWMM and SCALGO  

• Determining sub-catchment parameters: Area, imperviousness, slope, width, 
outlet, Manning coefficient, and depression storage 

• Using different types of open data sources 

Step 2: Comparison and evaluation of catchment definition methods in  
Fluidit Storm 

• Comparison of the different test models 

• Evaluation based on the measurements at the outlet of each case area 

• Test the applicability of the method for scaling up to a large network area 

• Results for tested methods 

• Evaluate the effect of spatial resolution on the model performance 

Step 3: Simulating HSY combined sewer network with most suitable method 
 

• Review the challenges in building the extensive combined sewer network with 
the most suitable method 

• Simulate 3-months analysis for the Helsinki network with new sub-catchments 
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According to the goal of the thesis, this study was conducted in three main steps. In the 

first step, sub-catchment was defined in four case areas with four catchment definition 

methods that claim to be suitable for large urban areas. In each method, various GIS 

spatial and observation data analyzes were performed. Within each method following 

parameters should be defined: boundary (delineation or area), imperviousness, slope, 

width, outlet, Manning coefficient, and depression storage (and area without depression 

storage). The methods might have different ways of calculating some parameters while 

sharing the same for other parameters. The result of each method will be exported in 

GIS format in which each sub-catchment has an attribute table for each parameter. 

In the second step, the sub-catchments generated using each tested method were ap-

plied to a rainfall-runoff model to evaluate their performance. Since HSY has already 

adopted the Fluidit Storm network modeling system for their combined sewer system 

simulations, the testing and analysis were carried out on the same platform. Fluidit 

Storm, part of Fluidit Oy's product family software1, is based on the widely adopted open-

source EPASWMM simulator. However, unlike the open-source version, the Fluidit 

Storm software has a powerful GIS user interface and enhanced data management fea-

tures such as support for multiple scenarios and python scripts. In addition, the scaling-

up part (step 3) was not feasible in the open-source version due to its limited features. 

At the end of this step, methods will be evaluated and compared based on the simulation 

results, pros and cons, spatial resolution, and uncertainties. 

In the third step, the most suitable method was used for testing and evaluating extensive 

urban areas. Sub-catchments generated in this stage were utilized to simulate the long-

term simulation of the extensive Helsinki CS area described in Section 4.3. 

4.2 Study site analyzed in this study 

The city of Helsinki 

Helsinki, the capital, is the biggest and most populous city in Finland. Helsinki is located 

in southern Finland on the coast of the Baltic Sea with a population of over 650,000 

people The city has a humid continental climate with warm summers. The average an-

nual air temperature is 5.9 °C, and the average annual rainfall is 655 mm, according to 

the Finnish Meteorological Institute's climatological 30-year summary from 1981 to 2010 

(Pirinen et al., 2012). In Helsinki, intense convective summer rains with a small duration 

 
 
1 Fluidit Ltd, www.fluidit.com 

file:///C:/Users/Mashadservice.ir/AppData/Roaming/Microsoft/Word/www.fluidit.com
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are often the rain events that cause excessive surface runoff in the metropolitan area 

(Aaltonen et al., 2008). 

In the 1870s, when the water utility started operations and wastewater volume began to 

expand, the building of the municipal CSS started. Since the 1960s, SSS has been con-

structed in new suburbs; nowadays, only SSS are legal to be built. Currently, the HSY’s 

Viikinmäki WWTP sewer system, which was studied in the thesis, has an extensive CSS 

(1733 ha) in the city center and the adjacent older parts of the city. In addition, surround-

ing areas have a SSS (2460 ha) that partially connects to the Viikinmäki WWTP via the 

CS trunk lines. Furthermore, wastewater is conveyed from other municipalities via the 

northern and eastern sewage tunnels to this WWTP. The strategic and long-term goal is 

to replace CSS with SSS, but the process may take many decades since it is very costly 

and requires massive construction work in crowded and dense areas. The current in-

vestment plan includes the separation of 45 km of the total 220 km CSN in 10 years. 

Such constant changes in the network impose the need to automatically update the 

model. Figure 7 shows the extent of the Viikinmäki sewer model. 

 

Figure 7. Overview of the extent of the Viikinmäki sewer model. 
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Population expansion and development in the CSS area led to a rise in the volume of 

wastewater and runoff. Heavy storms have caused several CSOs across the network, 

which might negatively affect the Baltic Sea. HSY continuously reports the overflows 

every quarter of the year through the hydrological model results. There have been vari-

ous development projects to improve the model performance and increase the accuracy 

of the CSO reporting. 

Stormwater runoff monitoring at discharge points of four small study catchments was 

studied initially to determine the best method for scaling up to the whole HSY catch-

ments. The case areas Brahenkenttä, Taivallahti, Herttoniemi, and Munkkiniemi (illus-

trated in Figure 8) were selected as the region of interest for implementing the catchment 

definition methods for several reasons. First, all four areas are located within the city of 

Helsinki. Second, there have been data measurements in these case areas. Third, the 

areas are located approximately in different parts of Helsinki’s network, representing dif-

ferent land cover and imperviousness, ranging from the dense urban area in the first 

case area (a) to the low dense urban area in the fourth case area (d). 

Brahenkenttä area 

The 40 ha Brahenkenttä area (see Figure 8(a)) is a residential area with apartment build-

ings and total imperviousness of more than 60%. It is characterized by concrete build-

ings, representing a city center area with a large fraction of impervious surfaces. In the 

area, new buildings have a direct link to the combined sewer while old buildings release 

their runoff into impervious surfaces which are directly connected to the CSS. 

Taivallahti area 

The 50 ha Taivallahti area (see Figure 8(b)) is a medium-density residential area with 

apartment building type with fragmented green area and yards. It is located on the west 

side of Helsinki center with more than 40% impervious area. The measurement device 

was installed before the weir, which discharges overflows to the sea. 

Munkkiniemi area 

The 50 ha Munkkiniemi area (see Figure 8(c)) is located in northwest Helsinki. It is a less 

intensively built or medium-density residential area (imperviousness is around 30%) res-

idential area consisting of mostly single-family houses and areas large of vegetation. 

Some of the areas in the south have a separate stormwater network that discharges the 

water to the sea. 
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Figure 8. Land cover characterization based on HSY dataset in (a) Brahenkenttä area, 
(b) Taivallahti area, (c) Munkkiniemi area, and (d) Herttoniemi area. 

Herttoniemi area 

The 50-ha Herttoniemi catchment (see Figure 8(d)) is a low-density part of the Hert-

toniemi neighborhood. The area has been inhabited for a long time, forming a populated 

community in the 1910s. In the 1950s, the plans for construction were adopted, and 

many of the houses in this area were built during the same period. Herttoniemi is a 
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partially industrial area that is currently being developed for residential use. It is located 

about 7 kilometers east of the city center, running from the inner-city area through the 

eastern suburbs. The area is located on an elevated and naturally rocky area. It is con-

sidered a low-density urban area with relatively green parts and a 40% share of imper-

vious surfaces. The areas located upstream of the measurement point do not cover the 

entire Herttoniemi neighborhood and have CSS. However, throughout the whole Hert-

toniemi neighborhood, there are some separate sewer pipes and stormwater manage-

ment systems. Most of the older apartment blocks, surrounded by large, continuous ar-

eas of vegetation, are not directly connected to the CSS and drain onto adjacent pervious 

lawn areas.   

4.3 Hydraulic network model 

HSY had a hydraulic model of the Viikinmäki WWTP area prior to this study. The model 

has varying detail and parts, including combined sewer (CS) area, SSN area, and sewer 

conveyed from other municipalities via either measured or synthetic time series. The 

hydraulic network was sourced in SWMM based model. Additionally, they constructed 

the hydrologic part of the SWMM model for the combined sewer region using sub-catch-

ments. Furthermore, some calibrations have been done to improve the model's results. 

Before this study, the HSY Combined Sewer Model was transferred from the US EPA 

SWMM platform to a fully compatible but vastly enhanced Fluidit Storm modeling plat-

form that uses the SWMM engine and concept for 1D modeling in 2020 and has been 

updated yearly. 

Household sewer inflow is estimated based on their water consumption bills and is up-

dated once in a while to increase input data accuracy. Table 1 shows the total main 

drainage network length, average daily water consumption in each area, and the total 

Helsinki combined sewer network. 

Table 1. Sewer networks on case area. 

 Case area Helsinki 
combined 

sewer 
 Brahenkenttä Taivallahti Munkkiniemi Herttoniemi 

Main drainage 
network (m) 

5620 m 2830 m 1234 8630 m 220 km 

Number of 
stormwater inlets 

121 70 157 153 - 

Average water 
consumption 

6.5 l/s 6 l/s 6 l/s 6.1 l/s 1050 l/s 
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4.4 Data for rainfall-runoff modeling  

This study relies on freely accessible spatial data sources. Most of the spatial data uti-

lized in this study were obtained from the open data file download service of the National 

land survey of Finland (NLS, or Maanmittauslaitos in Finnish). 

Digital elevation model 

The digital elevation model (DEM) is a raster dataset with a 1 m grid cell size. Each cell 

has an average ground surface elevation of the cell. 

Land cover data 

The descriptions of land cover were derived from maps obtained from the City of Helsinki, 

Bing aerial images, Google Maps, and Google Street View. All of these are publicly ac-

cessible. The source data are from the 2019–2020 period and the final raster data has a 

resolution of 1m. The Helsinki region's land cover categorization datasets have been 

developed since 2014 to help urban planners with stormwater design, land use planning, 

and the monitoring of land cover changes. The datasets are updated approximately 

every two years. The land cover data is divided into 11 groups based on high-resolution 

color infrared aerial images and spatial data of roads and building footprints. 

However, distinguishing between asphalt and sand/gravel surfaces is challenging due to 

their spectral properties. Incorrect interpretation of pervious (sand/gravel) and impervi-

ous (asphalt) may significantly impact hydrological runoff results required for stormwater 

assessments (Kokkonen et al., 2019). 

High-Resolution Imperviousness Layer (LaserVesi) 

The High-Resolution Imperviousness Layer has been generated in a collaborative pro-

ject by SCALGO, HSY and The Finnish Environment Institute (SYKE). The project's goal 

was to provide data on artificial impervious surfaces in Greater Helsinki Region to sup-

port surface water management applications. The data was derived by SCALGO using 

machine learning and convolutional neural network model. The model was trained with 

high-quality land cover polygons created by Water Utilities. Such polygons were pro-

duced from National Laser Scanning and Aerial Imaging program data. The model gen-

erates a raster in which each pixel (of size 0.2m) reflects the probability of the pixel con-

stituting an impervious surface (LaserVesi Project, 2022). 

Runoff data 

Combined sewer discharge data recorded at the catchments was gathered by recording 

devices, installed at the catchment outfalls inside combined sewer pipes. Discharge flow 
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was measured at Munkkiniemi and Herttoniemi from 29 March 2019 to 25 June 2019, 

using an ultrasonic flow measurement device with a one-minute resolution. In addition, 

flow data for Brahenkenttä and Taivallahti were obtained from 5 July to 26 August 2021 

with a two-minute resolution. 

Precipitation data 

Precipitation is one of the most important inputs and sensitive parameters for hydrologi-

cal models. Finnish Meteorological Institute's 5-minute rainfall radar data served as the 

basis for HSY's precipitation time series. Precipitation data were included in the HSY 

Combined Sewer Model utilizing Rain Gage components, which generated a 250-meter 

grid across the research region via an automatic weather station. The closest Rain Gage 

component was liked to each catchment.  

Some events were selected from the period during which measurement was available in 

each case area to simulate the results, as shown in Table 2, 

Table 2. Summary of studied rainfall events. 

Area 
Event 
code 

Date 
Event 

duration 
(h) 

Rainfall 
depth 
(mm) 

Peak rain 
intensity 
(mm/h) 

Flow 
volume 

(m3) 

Peak 
flow 
(l/s) 

Brahenkenttä B1 21.8.2021 2 16.3 44 4150 1550 

Brahenkenttä B2 19.8.2021 3 6.2 16 1650 500 

Taivallahti T1 28.7.2021 5 11.3 19 1400 440 

Taivallahti T2 19.8.2021 3.5 11.5 42 1700 600 

Munkkiniemi M1 2.9.2019 4 5.2 17 1800 300 

Munkkiniemi M2 23.8.2019 6 34.5 39 9500 705 

Herttoniemi H1 11.5.2019 7 8.6 12 2000 360 

Herttoniemi H2 9.6.2019 2 2.7 9 800 330 

4.5 Catchment definition methods 

HSY method 

Description 

This method incorporates GIS tools and manual effort in catchment definition and was 

used originally to generate the sub-catchments for the model before this study. This ap-

proach is included in the study to allow a comparison of the new and existing methods. 

The process was created by a consultancy in 2016, but the original purpose was not the 

CSS model. Later on, sub-catchment parameters have been improved through additional 

calibration projects. 
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Implementation 

Sub-catchments were delineated using some GIS tools but then finalized and merged 

with manual processes into smooth sub-catchments considering property boundaries 

and based on the modeler’s judgment. The slope has been estimated based on the av-

erage slope within the catchment. The width parameter was calculated by dividing the 

area by the longest flow path which was the longest distance between the drainage sys-

tem inlet and a corner of a catchment. 

Some surface parameters like depression storage and Manning surface roughness co-

efficient were set as a constant value. For all sub-catchments, depression storage and 

Manning coefficient were set to 0.572 mm and 0.01 for the impervious sub-catchment 

area and 5.71 mm and 0.1 for the pervious area, respectively. Furthermore, impervious-

ness was estimated using landcover imperviousness percentage, shown in Table 3. 

Table 3. Impervious area as a percentage of land cover. 

Land cover Percent impervious area 

Road (paved) 80 

Road (unpaved) 60 

Buildings 90 

Other impervious surfaces 90 

Vegetation 10 

Forested area 10 

Open rock 40 

Bare soil 40 

Water 0 

QGIS method 

Description 

QGIS a FOSS GIS software (QGIS Development Team, 2022) is a geographic infor-

mation system (GIS) platform that offers users a free and open-source environment to 

work with and analyze geographical data QGIS offers tools, such as GRASS and SAGA, 

to integrate spatial and non-spatial data for automated catchment delineation and hydro-

logical analysis. It was selected for this study because it is a freely available open-source 

application with well-documented user instructions that have been utilized in past re-

search and real-world applications (Almeida Silva, 2019). The primary objective of this 

method is to subdivide study catchments and identify the watershed parameters utilizing 

software QGIS internal toolbox with less manual work. 
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It is important to note that QGIS was also used for pre-processing and GIS editing in the 

other methods. However, catchment definition and hydrological analysis are the focus of 

this section. 

Implementation 

The DEM with a resolution of one meter was utilized to identify all catchments draining 

into measurement locations in each case area. Initially, a depressionless DEM was gen-

erated using the SAGA sink removal tool because depressions could hold overland flow 

and alter the catchment delineation.  

Utilizing DEMs without pre-processing for catchment delineation leads to stream net-

works that are inconsistent with reality. The reason is due to the neglect of the storm-

water/sewer network and flow obstacles in urban areas. For example, the sub-catchment 

of an area may overlap with the pipe network from another area. This problem can be 

overcome by integrating the original DEM with vector sewer network data. Using the 

process known as 'stream burning,' the vector data describing the pipe network could be 

"burned" into the DEM raster data by decreasing the elevation of cells representing the 

sewage network. This will guarantee that the flow never leaves the channel and follows 

it to the discharge point (Saunders, 2000). Thus, the stream network data was burned 

on the DEM raster file using the GRASS r.carve tool. In the next step, catchments can 

be automatically delineated by the GRASS r.watershed tool. Figure 9 depicts the differ-

ences in sub-catchment delineation using the burning technique on the DEM. 

 

Figure 9. Comparison of sub-catchment delineation with and without Burned DEM. 
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The slope varies within each sub-catchment. To compute the average slope of each 

watershed, the following procedures should be taken to omit the building. First, as the 

high-resolution land cover data is available, buildings can be captured from this data. 

Second, a buffer should be applied to ensure the disabling effect of the high slope caused 

by the elevation difference between buildings and the surrounding area. Third, buildings 

can be clipped from the DEM. Finally, average slopes can be calculated for each of the 

sub-catchments with the Zonal Statistical tool. 

Imperviousness was calculated using the same technique as in the previous method 

using the percentage of imperviousness in each land cover type from Table 4. Manning’s 

roughness coefficient and depression storage were estimated based on the land cover 

data. As a result, the dominant land cover type on each sub-catchment has a significant 

impact on the ultimate average value. The relation between land cover type and these 

parameters is presented in Table 4. The coefficients were selected from a suitable range 

in the SWMM user manual (Rossman, 2016). For this reason, the percentage of each 

land cover type within each catchment was calculated using the Zonal Histogram tool, 

and an area-weighted average calculation was carried out to estimate the corresponding 

value. The calculation was done for both impervious and pervious subareas since sepa-

rated values are given for the depth of depression storage. The width parameter was 

calculated by fitting each sub-catchment in a rectangular using the Oriented minimum 

bounding box tool and assigning the rectangular width for the sub-catchment. 

Table 4. Estimates of Manning’s roughness coefficient and depression storage for 
land cover types. 

Land cover Manning coefficient Depression storage (mm) 

Road (paved) 0.011 0.42 

Road (unpaved) 0.03 2.4 

Buildings 0.012 0 

Other impervious surfaces 0.015 1 

Vegetation 0.2 5 

Forested area 0.09 10 

Open rock 0.035 0.3 

Bare soil 0.03 3 

Water 0.011 0.1 

Two particular challenges were identified in the process of connecting the sub-catchment 

to the hydraulic network. Initially, assigning a correct outlet node for each sub-catch-

ments is a time-consuming manual task in the catchment definition, requiring some level 

of automation in the process. Furthermore, usually not all the sub-catchments generated 
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with selected DEM belong to the studied area. In other words, they might discharge their 

runoff to another outlet point rather than the network in the studied area. 

To address challenges, the network's point components representing manholes were 

added to the QGIS for the case area and surrounding areas. Accordingly, while the outlet 

of the sub-catchments is defined, the outer boundary of the study catchment is shaped 

when unwanted sub-catchments for the case area are connected to the other network. 

However, this is not the case for all studied areas as they do not have neighbor areas 

with drainage networks and are covered by forest or sea. Some manual adjustment was 

still required to delete the areas that were not being drained to the selected region. 

GISTOSWMM method 

Description 

GisToSWMM5 is an automated sub-catchment generator and SWMM model builder, de-

veloped by Aalto university. The tool uses elevation, land use, flow direction, and network 

data to generate sub-catchments and identify surface flow paths either between catch-

ments or into the stormwater network (Niemi et al., 2019). The tool is freely available 

under MIT-license from the GitHub online repository. The tool also provides means to 

export sub-catchments in GIS format. 

All the input raster data must have the same resolution, grid, and coordinate reference 

system. The tool initially divides the area into a matrix of cells based on the data grid 

size. Each raster cell forms an individual sub-catchment and contains only one type of 

land cover, highlighting why data should be in the same grid and resolution. Flow direc-

tion data defines the cells' outlet that could be another cell or a stormwater network inlet. 

In the merging process, cells with the same land use and ultimate outlet are merged to 

form a sub-catchment. Furthermore, rooftop cells are either routed to the nearest inlet in 

the stormwater network or to the neighboring area if the rooftops are not linked to the 

network. 

This method follows the methodology proposed by Krebs et al. (2014), where the sub-

catchments are small enough to have one homogeneous land use type. Therefore, the 

tools generate a large number of sub-catchments with a high spatial resolution and a 

homogenous land cover for each. 

Implementation 

For this method, DEM and land cover data were provided in ASCII Grid format. For flow 

direction data, DEM has passed through the pre-processing to achieve a better result 

from the toolbox. This is due to the sensitivity of the result to the flow direction data. To 
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connect the catchments to the manholes, sub-catchments should route into the pixels 

around the manholes or other sub-catchment which has a route to the drainage network. 

Otherwise, the sub-catchment will be ignored during the merging process. Therefore, the 

final results would only include the sub-catchments connected to the network. Accord-

ingly, the SAGA sink removal tool and GRASS r.carve tool were used to remove depres-

sion and burn the network into the DEM before deriving flow direction data from it. Finally, 

the SAGA channel network tool was used to calculate the flow direction file. The average 

slope of each cell is determined by calculating the arithmetic mean of the slopes between 

the current cell and the eight adjacent cells, and when cells are merging, the mean slope 

of the contributing cells is given to the merged catchment. Furthermore, when calculating 

the average slope, slopes between roofs and other types of land cover are disregarded 

to avoid high slopes. The toolbox automatically calculates the width of generated sub-

catchments based on their area according to the following formula: 

𝑊 = 0.7√𝐴 (11) 

The HSY land cover classes were slightly reclassified or renamed into the corresponding 

landcover suggested by the previous paper, which used this method for HSY landcover 

(Kokkonen et al., 2019). Furthermore, the suggested sub-catchment parameters for each 

land cover in the toolbox are demonstrated in Table 5 (Kokkonen et al., 2019). As the 

sub-catchments have homogenous land cover, artificial surfaces were considered to be 

completely impervious, whereas agricultural, forest, semi-natural, and wetland surfaces 

were deemed to be pervious. 

Table 5. Sub-catchment parameters according to (Kokkonen et al., 2019). 

Land cover Imperviousness (%) 
Manning 

coefficient 
Depression 

storage (mm) 

Asphalt 100 0.011 0.42 

Rock 100 0.03 2.49 

Rooftop 100 0.012 0.87 

Sand and gravel 33 0.03 2.49 

Stone paver 50 0.02 0.39 

Vegetation (trees+grass) 0 0.238 4.22 

Water 100 0.011 0.1 

In addition, the generated sub-catchment can be extracted in GIS formats with toolbox 

utilities. Further information about the toolbox, data formats and implementation can be 

found in the toolbox GitHub online repository. 
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SCALGO method 

Description 

The SCALGO (SCALGO Live) is a commercial software which includes a dynamic catch-

ment delineation toolbox. This toolbox was enhanced during this study through feedback 

loops and test-driven development. Software developers used comments from the au-

thor and Fluidit company to improve the merging algorithm and provide the required pa-

rameters for the SWMM sub-catchment. Throughout the project, many models were con-

structed to test and evaluate the toolbox subcatchments delineation, parametrization, 

and hydraulic results. Weekly or monthly meetings were held with stakeholders to dis-

cuss the development process and resolve bugs in the toolbox. The newly developed 

techniques were piloted in this project as HSY has a SCALGO Live license. 

The toolbox can generate sub-catchments based on a topographic dataset and the 

stormwater network spatial data – more specifically, the stormwater inlet locations. With 

depressionless terrain data, the toolbox delineates sub-catchments contributing to each 

stormwater inlet based on flow paths on the terrain. The toolbox can also merge gener-

ated catchments according to the network to achieve a suitable catchment delineation 

for SWMM modeling applications. Moreover, a radius can be set for each inlet to capture 

the flow paths that likely should enter the inlet; however, they narrowly miss it due to the 

terrain model resolution. In this way, flows are better captured by inlets near the curb 

line, which help to generate more realistic catchments in urban areas. 

Using the slider in the toolbox, the minimum size of the generated sub-catchments can 

be defined. In practice, catchments that are close to each other and have the same net-

work can be merged together to achieve the minimum size. This enables the modeler to 

choose the level of spatial resolution of the sub-catchments for their model.  

During the merging process, the new outlet will be set automatically according to the 

geometry of the new sub-catchment. The toolbox returns the land cover distribution 

within each sub-catchment according to the most updated HSY land cover dataset. Fur-

thermore, it can also return the imperviousness of each sub-catchment based on the 

LaserVesi project. For each sub-catchment, the tool calculates the land cover percent-

age and the slope based on the start and end points of this longest flow path. 

Implementation 

The toolbox only needs pipe and node data to be imported in GIS format to delineate 

each area's sub-catchments. Most updated data, such as DEM and land cover, already 

exists in the toolbox for Nordic countries. All relevant stormwater and combined sewer 
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inlets can be considered since the toolbox can delineate sub-catchments based on inlet 

points, unlike other methods tested. However, using stormwater inlets can be challeng-

ing because they are not usually modeled and do not exist in the current HSY hydraulic 

network. In addition, even it is possible that stormwater inlet data is not available. In this 

project, stormwater inlet data was provided by HSY as a GIS layer and Google Street 

view was used to clarify unclear locations. Twice the length of the drainage network 

within each subcatchment was selected for the width parameter. Similar to the QGIS 

method, Manning’s roughness coefficient and depression storage were estimated based 

on the land cover data. 

Four scenarios were tested on each case area to analyze the impact of stormwater inlet 

inclusion, sub-catchment size, and different parameters. One scenario was built with only 

a combined sewer network, similar to the previous method, and another scenario was 

built with accounting for the inlets in the network. Furthermore, a scenario without a 

merging process was generated to evaluate the merging process and the impact of sub-

catchment sizes on the model performance. This is because of the size of the results 

files, which should be considered beforehand to find a good balance between perfor-

mance and resolution. Finally, since imperviousness is sensitive data, the third scenario 

for each case area was built to compare the new imperviousness data with the old land-

cover method. The summary of and differences between the scenario built with the 

SCALGO toolbox is provided in Table 6.  

Table 6. Summary of models made with SCALGO. 

Name Description Purpose 

SCALGO-Base 
Catchment minimum size: 5000 m2. 

Imperviousness data: LaserVesi 
Stormwater inlets: Not included 

Evaluate the SCALGO catch-
ment toolbox in typical use case. 

SCALGO-Inlet 
Catchment minimum size: 5000 m2. 

Imperviousness data: LaserVesi 
Stormwater inlets: Included 

Evaluate the inclusion of storm-
water inlets in the models. 

SCALGO-Small 
Catchment minimum size: No merging 

Imperviousness data: LaserVesi 
Stormwater inlets: Included 

Evaluate the impact of spatial 
resolution and catchment sizes 

on the hydraulic results at catch-
ment discharge points. 

SCALGO-Coeff 

Catchment minimum size: 5000 m2. 
Imperviousness data: Landcover data + 

HSY Coefficient 
Stormwater inlets: Not included 

Testing the SYKE LASERVESI 
imperviousness data and com-
paring it to the old method with 

coefficient. 
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4.6 SWMM model simulation setups for case areas 

SWMM model setting 

The parameters selected for the simulation of the case area are shown in Figure 10. The 

Report Step was set to 2 minutes to provide higher resolution results for analyzing 

shorter-duration storm events. Additionally, 1 hour and 1 minute were selected for the 

Dry and Wet steps, respectively. Report Averages setting was allowed to produce accu-

rate average results and smooth results curves. Moreover, the dynamic wave routing 

method was chosen for this study’s simulations. Both pervious and impervious subareas 

were setup to discharge directly to the outlet. 

 

Figure 10. Model Properties for case area simulations. 

Generated sub-catchments from different methods were imported into Fluidit Storm in 

separate model scenarios. Python codes were developed for each method specifically. 

These codes were used before running a simulation to assign or calculate parameters 

from the GIS file attribute table and connect the sub-catchment to the nearest Rain Gage. 

Furthermore, they were utilized to provide sub-catchment statistics. 

Evaluation method 

The simulated results were compared to observed values at the catchment outfall visu-

ally as well as Nash-Sutcliffe efficiency (NSE) (Nash & Sutcliffe, 1970), root-mean-

square error (RMSE), and peak flow error (PFE), as follows: 

𝑁𝑆𝐸 = 1 −
∑ (𝑄𝑜𝑏𝑠 − 𝑄𝑠𝑖𝑚)2𝑛

𝑖=1

∑ (𝑄𝑜𝑏𝑠 − 𝑄̅𝑜𝑏𝑠)2𝑛
𝑖=1

 (12) 
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𝑅𝑀𝑆𝐸 = √
1

𝑛
∑(𝑄𝑠𝑖𝑚 −  𝑄𝑜𝑏𝑠)2

𝑛

𝑖=1

 (13) 

𝑃𝐹𝐸 = 100
𝑄𝑠𝑖𝑚,𝑚𝑎𝑥 − 𝑄𝑜𝑏𝑠,𝑚𝑎𝑥

𝑄𝑜𝑏𝑠,𝑚𝑎𝑥
 (14) 

where 𝑄𝑜𝑏𝑠 is the observed discharge at the time 𝑡𝑖, 𝑄𝑠𝑖𝑚 is the simulated discharge at 

the same time, 𝑄̅𝑜𝑏𝑠 is the average of all 𝑄𝑜𝑏𝑠 values, 𝑄𝑜𝑏𝑠,𝑚𝑎𝑥 is the maximum of all 𝑄𝑜𝑏𝑠 

values, 𝑄𝑠𝑖𝑚,𝑚𝑎𝑥 is the maximum of all 𝑄𝑠𝑖𝑚 values and 𝑛 is the length of the data. 

In a model with zero estimates error variance, the NSE is equal to 1. In contrast, a model 

with equal estimating error variance and observed time series variance has an NSE 

equal to zero. In other words, NSE = 0 means that the model has the same prediction 

skill as the measurement mean in terms of the sum of the squared error. An NSE coeffi-

cient higher than 0.75 is considered good, while a value below 0.3 is poor. A value in 

between is regarded as satisfactory. 

4.7 Scaled-up method for Helsinki combined sewer model 

Based on the evaluation of the tested methods and discussion in section 5.2, the 

SCALGO method was deemed to be the best method for the scale-up process. One of 

the challenges of the scaling-up process was the complexity of the HSY combined sewer 

network; for example, there are areas where separate stormwater networks overlap and 

connect with the combined sewer system. While the separate storm-water network was 

not included in the hydraulic model, individual separate storm-water network lines were 

imported to the SCALGO toolbox for better delineation results. Furthermore, networks 

were reviewed to detect the nodes which are likely gathering stormwater runoff and 

should be enabled as inlets in the toolbox. 

Additional pre-processing of the network data was required for using the SCALGO 

toolbox on such an extensive area. For example, particular components like pumps or 

weirs might add more complexity resulting in the wrong catchment definition. Finally, the 

radius of the nodes for capturing the inlets was set to 8 meters, and the minimum catch-

ment size of 5000 m2 was selected. 

The resulting catchments were applied to the HSY sewer model and used to simulate a 

3-month period with the entire model (Q3/2021). The same simulation settings were 

adopted for the 3-month simulation, except for Report Step, which was set to 1 hour to 
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limit the result file sizes. Furthermore, storm events with CSOs were simulated again 

with 2 minutes Report Step and compared with the old catchments in more detail. 
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5. RESULTS AND DISCUSSION  

This chapter presents the final catchment definition results and hydraulic outputs individ-

ually for each case area and the entire Helsinki sewer model. The results obtained using 

the four methods, as well as several scenarios for the SCALGO method, are reported 

below. First, the statistical results of different methods in the case areas are compared. 

Then, the performance of methods for simulating precipitation events is discussed in 

detail by analyzing the hydrographs at each case area outfall. 

Furthermore, during the sub-catchment definition process, different values for some pa-

rameters were tested and simulated multiple times to achieve the best outcome. How-

ever, this chapter does not include a detailed presentation of the development stages 

required for each method. 

Some of the results reported in this section, such as the computation time, may vary 

depending on the hardware used to run the model. In this study, simulations were calcu-

lated on a standard laptop computer running Windows 10 Pro. It uses an Intel 4-core i7-

6820HQ processor, operating with 16 GB of RAM, and an AMD Radeon R M70 graphics 

card. 

5.1 Catchment definition results on case areas 

As a result of different catchment definition methods, sub-catchment with a variety of 

shapes and parameters were generated. Table 7 presents the sub-catchment area sta-

tistics for different sub-catchment delineation methods in each case area.  

Observations on the size and number of sub-catchments 

Results indicate the GISTOSWMM method had the most differences in statistical num-

bers compared to the other methods. The GISTOSWMM method resulted in an exces-

sive number of small sub-catchments for each case area, even though it used adaptive 

sub-catchment generation to merge the cell-based sub-catchments. The minimum size 

of the sub-catchments in case areas, around 10 m2 or 0.001 ha, was in line with the 

results from a paper by the author of the toolbox paper (Niemi et al., 2019).  

Generally, input data resolution determines the minimum sub-catchment size in the GIS-

TOSWMM method. Accordingly, the algorithm makes an independent sub-catchment for 

each cell if the cell is routed to a cell with a different land cover. The sub-catchments’ 

mean and maximum size were found to be smaller than the other methods too. The 
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maximum size of the sub-catchments in this method is highly dependent on the number 

of land cover types and the homogeneity of the study side.  

Table 7. Sub-catchment statistics, area, and Total Impervious Area (TIA) for each 
case area and method. 

Area Method 
Number of sub-

catchments 

Area (ha) 
TIA (ha) 

Min Mean Max Total 

B
ra

h
e

n
k
e
n
tt

ä
 

HSY 36 0.3170 1.0238 2.39 36.86 26.16 

QGIS 41 0.1535 0.9339 2.37 38.29 24.87 

GISTOSWMM 29958 0.0001 0.0012 0.37 37.36 28.53 

SCALGO-Base 40 0.5161* 0.9862 2.66 39.45 27.15 

SCALGO-Inlet 35 0.5682* 1.0960 2.60 38.36 26.31 

SCALGO-Small 121 0.0006 0.3170 1.62 38.36 26.31 

SCALGO-Coeff 40 0.5161* 0.9862 2.66 39.45 26.10 

T
a
iv

a
lla

h
ti
 

HSY 15 0.4410 1.3675 2.11 20.51 13.24 

QGIS 23 0.1854 0.8648 2.14 19.89 11.95 

GISTOSWMM 17375 0.0001 0.0012 0.35 20.35 13.29 

SCALGO-Base 21 0.5001* 0.9914 1.78 20.82 11.77 

SCALGO-Inlet 22 0.5084* 0.9458 2.03 20.81 11.81 

SCALGO-Small 70 0.0203 0.2973 1.37 20.81 11.81 

SCALGO-Coeff 21 0.5001* 0.9914 1.78 20.82 12.64 

M
u
n
k
k
in

ie
m

i 

HSY 27 0.1510 1.9957 6.11 53.89 31.89 

QGIS 53 0.1308 0.9651 2.73 51.15 25.08 

GISTOSWMM 50386 0.0001 0.0011 1.13 57.49 30.96 

SCALGO-Base 47 0.5238* 1.1392 4.47 53.54 21.43 

SCALGO-Inlet 40 0.5000* 1.2271 3.16 49.09 20.18 

SCALGO-Small 157 0.0010 0.3126 3.04 49.09 20.18 

SCALGO-Coeff 47 0.5238* 1.1392 4.47 53.54 25.89 

H
e
rt

to
n

ie
m

i 

HSY 23 1.1950 3.2857 9.92 75.57 37.09 

QGIS 60 0.0779 0.9465 3.76 56.79 26.03 

GISTOSWMM 55606 0.0001 0.0010 0.50 56.38 28.79 

SCALGO-Base 50 0.5158* 1.0422 3.92 52.11 20.99 

SCALGO-Inlet 50 0.5080* 1.0647 3.26 53.24 21.44 

SCALGO-Small 153 0.0010 0.3407 2.40 52.12 20.69 

SCALGO-Coeff 50 0.5158* 1.0422 3.92 52.11 24.20 

* Minimum size of 0.5 ha was used for sub-catchments. 

An example of routing between the cells in the sub-catchment generated by GIS-

TOSWMM is presented in Figure 11. Based on the method's adaptive sub-catchment 

generation, if the upstream cell had the same land cover for each cell, the cell merged 

with the sub-catchment upstream of the cell. However, if the upstream cell had a different 

land cover, the upstream cell created a separated sub-catchment. Due to the high-reso-

lution land cover data, assuming sub-catchments homogenous leads to the creation of 

numerous small sub-catchments (i.e., 1x1 m²). Using more land cover classes clearly 

leads to more sub-catchments in the GISTOSWMM method.  
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The high number of sub-catchments not only resulted in longer simulation time but also 

slowed down the software when working with the model. Using a coarser resolution for 

input data was tested by Warsta et al. (2017), and the most detailed resolution was con-

sidered the most accurate representation of the sites. However, even if inputs with 

coarser resolution were used, sub-catchment numbers would still be higher than in the 

other methods. 

 

Figure 11. Example of the flow direction effect (cell routing direction) in adaptive sub-
catchment generation. The arrows represent each cell routing direction. 

While the GISTOSWMM method resulted in the largest number of catchments by a sub-

stantial margin, the SCALGO-Inlet method was second in terms of the number of sub-

catchments. This SCALGO-Inlet method uses the contributing drainage area of each 

stormwater inlet, and therefore the number of stormwater inlets within each case area, 

to determine the total number of sub-catchments. Figure 12 shows how SCALGO 

merged sub-catchments based on stormwater inlet locations. During the merging pro-

cess, the toolbox is able to return the name of the correct representative outlet. The 

algorithm enables the modeler to set the minimum size of sub-catchments according to 

the required spatial resolution. In general, all SCALGO methods with a minimum size set 

and the QGIS method resulted in approximately the same number of sub-catchments. 

The HSY method resulted in the largest sub-catchment area among the models with a 

minimum number of sub-catchments. 
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Figure 12. Example of SCALGO sub-catchment delineation results. (a) Combined 
sewer components; (b) SCALGO sub-catchment for each inlet; (c) SCALGO dynamic 

merging algorithm results. 

Observations on the effects of methods on catchments' outer boundaries 

All studied methods resulted in different outer boundaries, as shown in Figure 13. The 

outer boundary of the delineated sub-catchments demarcates the contributing area of 

each case area outfall, yielding differences in the total area for each method. In the same 

way, pervious or impervious areas near the boundary may be included or excluded using 

a different method, resulting in a different TIA. A significant difference is evident between 

the HSY method, and the other methods tested. Comparing the various scenarios of the 

SCALGO method showed that the impact of including stormwater inlets was minor. 

Some CSN pipes only carry sanitary sewer and have no stormwater inlets upstream 

(Figure 12(a), top middle). The outer boundary could only be changed if all nodes con-

nected to those CSN pipes were considered stormwater inlets. 

The total areas of case area 1 (Brahenkenttä) increased compared to the old sub-catch-

ments, while the total area of case area 2 (Taivallahti) decreased significantly. There was 

a significant difference in Herttoniemi (case area 4), where the newly tested methods 

overlapped with only a portion of the old (HSY) sub-catchments. The best overlap was 

found for case area 1, where all methods shared more than 95% of their total area with 

other methods. The reason is that case area 1 is surrounded by the neighboring network, 

which helps to define the outer boundary of the catchment. However, the outer boundary 
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was more challenging in low-density areas where the outer boundary changed with dif-

ferent methods. The detailed delineation and the surface discretization of each case area 

are presented in Appendix 1-4. 

 

Figure 13. Method's sub-catchment outer boundaries for case area 2. 

Observations on total impervious area (TIA) 

Comparisons demonstrated that different delineation and imperviousness calculation 

techniques have an impact on the TIA. Since impervious surfaces dominate the runoff 

generation process, the TIA is the most effective factor affecting simulated runoff dynam-

ics (Krebs et al., 2016).  

Comparison of TIA values derived from different sources (imperviousness data and land 

cover-based imperviousness) reveals the similarities of the TIA result in three case areas 

(case areas 1,2,4). In the first two areas, the total area is relatively similar in all models, 

which resulted in a reasonably similar TIA. Similarities between the imperviousness es-

timation data sources were anticipated since both could detect roads and buildings, 

which are major parts of TIA. However, in the case area three (Munkkiniemi), different 

sources came up with different percentages of impervious surfaces. This shows that the 
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high-resolution imperviousness layer underestimated a considerable portion of impervi-

ous surfaces in this low-density case area. One of the possible justifications is the chal-

lenging detection of other impervious surfaces from sand/gravel surfaces. SCALGO-

Base, SCALGO-Inlet, and SCALGO-Small scenarios resulted in relatively similar esti-

mates of TIA since they share the same area and imperviousness data. GISTOSWMM 

had the highest TIA compared to the other QGIS and SCALGO however, only part of it 

was hydraulically effective. In contrast, in QGIS and SCALGO sub-catchments, impervi-

ous areas were assumed to connect directly to the network. 

The average values of the width, depression storage and Manning coefficient, along with 

characteristics of slope within each sub-catchment, are given in Table 8.  

Table 8. Slope statistic, and mean width, depression storage and Manning coeffi-
cient values for case areas using different methods. 

Area    Method 
Slope (%) 

Width 
(m) 

Avg flow 
length(m) 

Mean Ds Mean n 

Min Mean Max Mean Mean Imp Per Imp Per 

B
ra

h
e

n
k
e

n
tt
ä
 

HSY 1.55 10.20 18.73 148.22 65.42 0.57 5.71 0.010 0.100 

QGIS 0.19 6.85 16.83 51.88 176.29 0.58 4.45 0.012 0.117 

GISTOSWMM 0.10 20.82 1330.0 1.33 2.72 0.56 4.04 0.017 0.216 

SCALGO-Base 0.60 3.78 7.80 265.45 66.68 0.66 4.73 0.013 0.116 

SCALGO-Inlet 1.10 3.95 8.70 382.08 54.09 0.66 4.73 0.013 0.117 

SCALGO-Small 0.00 3.90 23.00 110.52 110.40 0.58 4.23 0.012 0.112 

SCALGO-Coeff 0.60 3.78 7.80 265.45 66.68 0.66 4.73 0.013 0.116 

T
a

iv
a

lla
h

ti
 

HSY 2.88 5.95 9.78 185.97 72.30 0.57 5.71 0.010 0.100 

QGIS 0.19 4.13 13.91 48.93 170.69 0.71 4.84 0.013 0.108 

GISTOSWMM 0.10 13.53 1145.1 1.34 2.73 0.42 3.95 0.017 0.206 

SCALGO-Base 0.50 2.93 7.40 240.40 60.91 0.72 4.86 0.013 0.101 

SCALGO-Inlet 0.50 2.44 7.70 301.57 56.49 0.71 4.87 0.013 0.101 

SCALGO-Small 0.50 2.70 9.40 94.78 71.61 0.62 4.18 0.012 0.099 

SCALGO-Coeff 0.50 2.93 7.40 240.40 60.91 0.72 4.86 0.013 0.101 

M
u

n
k
k
in

ie
m

i 

HSY 2.56 7.91 11.91 206.12 87.81 0.60 5.89 0.010 0.100 

QGIS 0.19 6.72 15.92 53.87 170.63 0.78 4.66 0.014 0.127 

GISTOSWMM 0.10 17.51 1284.5 1.33 2.73 0.43 3.99 0.018 0.211 

SCALGO-Base 0.40 4.19 8.50 373.10 38.43 0.76 4.70 0.014 0.120 

SCALGO-Inlet 0.60 3.79 8.60 392.61 44.99 0.78 4.71 0.014 0.119 

SCALGO-Small 0.00 3.91 14.00 100.03 173.99 0.72 4.50 0.013 0.115 

SCALGO-Coeff 0.40 4.19 8.50 373.10 38.43 0.76 4.70 0.014 0.120 

H
e
rt

to
n

ie
m

i 

HSY 4.79 11.47 16.86 283.59 108.54 0.59 5.49 0.010 0.100 

QGIS 0.77 10.89 22.99 49.38 176.63 0.72 4.75 0.013 0.113 

GISTOSWMM 0.10 16.55 1102.8 1.26 2.58 0.88 3.95 0.020 0.205 

SCALGO-Base 0.60 4.99 10.10 245.73 58.58 0.69 4.77 0.013 0.110 

SCALGO-Inlet 0.70 4.57 12.70 327.36 43.51 0.69 4.77 0.013 0.109 

SCALGO-Small 0.50 4.85 27.30 103.90 100.59 0.63 4.74 0.013 0.104 

SCALGO-Coeff 0.70 4.57 12.70 327.36 43.51 0.69 4.77 0.013 0.109 
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Differences in the range of sub-catchment slopes are due to different methods used for 

calculation. In GISTOSWMM, while cells with building landcover were not included in the 

slope calculation, some small (1×1) sub-catchments had a very high slope, which can 

be explained by local errors in the landcover data (Niemi et al., 2019). These local errors 

are usually for small built areas, like a shed, which were not detected as buildings in 

landcover data. However, according to GISTOSWMM's sub-catchment size, its effect is 

negligible. The same error might have occurred in the QGIS method, but with buffering 

and filtering techniques, slopes became smoother.  

The width and average flow length of sub-catchments vary in different models as they 

directly relate to the area. The average values of depression storage and Manning coef-

ficient are relatively similar for QGIS, and SCALGO, as they were assigned based on the 

land cover data and similar initial values. Regardless of the small-scale errors, values 

were in an acceptable range. However, each set of parameters from different catchment 

definition methods should be evaluated from their resulted hydrograph results. 

5.2 Hydraulic simulation results for case areas 

Brahenkenttä  

Figure 14 illustrates the discharge simulation results for models using different catchment 

definition methods for the Brahenkenttä case area. Each event is presented in two 

graphs for visual clarity purposes. Table 9 summarizes the corresponding performance 

statistics for each method. The assessment shows how well the measured event's tem-

poral dynamics matched the simulated sub-catchment runoff's temporal dynamics at the 

area outfall. 

Since the TIA is relatively uniform in all methods, the discharge hydrographs generally 

have a similar shape. However, slight differences in simulated flows were caused by 

differences in other hydrological parameters. Thus, it is hard to define which model 

yielded better performance. Furthermore, the results of the simulated discharge for 

SCALGO models are almost identical for the two events. 
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Figure 14. Comparison of measured vs. simulated flows for the selected two events 
in Brahenkenttä with: (a) main methods ;(b) SCALGO scenarios. 

Table 9. Models' performance for the Brahenkenttä study Catchment. 

Event Method NSE RMSE PFE 

B1 

HSY 0.923 121.49 4.60 % 

QGIS 0.952 95.24 8.32 % 

GISTOSWMM 0.954 93.11 6.98 % 

SCALGO-Base 0.925 119.63 10.57 % 

SCALGO-Inlet 0.925 119.64 10.58 % 

SCALGO-Small 0.961 86.23 -1.37 % 

SCALGO-Coeff 0.955 92.51 4.33 % 

B2 

HSY 0.864 40.06 3.60 % 

QGIS 0.913 32.00 -13.74 % 

GISTOSWMM 0.912 32.35 -15.17 % 

SCALGO-Base 0.853 41.76 3.51 % 

SCALGO-Inlet 0.817 46.95 6.43 % 

SCALGO-Small 0.909 32.81 -6.07 % 

SCALGO-Coeff 0.885 36.79 -0.20 % 
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Taivallahti  

The measured and simulated discharge time series and performance statistics for the 

Taivallahti area are presented in Figure 15 and Table 10, respectively. Similar to the 

Brahenkenttä area, simulated discharge results for models were almost identical in pat-

tern and magnitude for events. The SCALGO scenarios showed promising results since 

they performed well for peaks compared to the other methods. The peak flow in the first 

event was overestimated by old sub-catchments compared to other methods. However, 

in the second event, all the methods failed to simulate the second peak flow. Such drastic 

deviations in modeled discharge values from measurements were observed in the longer 

events, as in the previous case area. The amount of runoff generated by pervious sur-

faces during the second rainfall peak could justify the extra flow in the measurement 

data. The simulation results can be improved by adjusting the infiltration parameters, 

which is out of the scope of this study. 

 

Figure 15. Comparison of measured vs. simulated flows for the selected two events in 
Taivallahti with: (a) main methods ;(b) SCALGO scenarios. 
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Table 10. Models' performance for the Taivallahti study Catchment. 

Event Method NSE RMSE PFE 

T1 

HSY 0.587 42.67 -22.17 % 

QGIS 0.675 37.77 -44.89 % 

GISTOSWMM 0.682 37.39 -41.25 % 

SCALGO-Base 0.625 40.58 -25.63 % 

SCALGO-Inlet 0.630 40.32 -30.87 % 

SCALGO-Small 0.665 38.36 -39.53 % 

SCALGO-Coeff 0.624 40.64 -31.14 % 

T2 

HSY 0.714 65.26 27.04 % 

QGIS 0.809 54.76 -6.54 % 

GISTOSWMM 0.818 52.88 -13.87 % 

SCALGO-Base 0.767 60.00 10.09 % 

SCALGO-Inlet 0.788 57.24 9.52 % 

SCALGO-Small 0.819 52.85 -0.33 % 

SCALGO-Coeff 0.784 57.12 13.88 % 

 

Munkkiniemi 

The Munkkiniemi had the greatest difference in TIA despite having a nearly similar total 

area, especially between the HSY (old) and new sub-catchment proposed by this study. 

In the first event, results show that the older sub-catchments had better performance in 

medium events, as the other methods underestimated the total runoff volume.  

In the second event, the total volume of the stormwater looks more similar. However, 

due to the smaller size of the combined sewer area, Munkkiniemi suffers from hydraulic 

bottlenecks and overflows in the manholes, even in a medium event. In addition, the 

second event was one of the heaviest storm events in recent years, and many overflows 

were observed in the network. Accordingly, part of the excess stormwater may have ex-

ited the network in overflows, and the final hydrograph is highly influenced by hydraulics, 

water ponding area, and overflows within the network. Therefore, evaluating the sub-

catchment performance with this event was deemed misleading and the usability of the 

results is limited. 
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Figure 16. Comparison of measured vs. simulated flows for the selected two events 
in Munkkiniemi with: (a) main methods ;(b) SCALGO scenarios. 

Table 11. Models' performance for the Munkkiniemi study Catchment. 

Event Method NSE RMSE PFE 

M1 

HSY 0.869 25.77 -17.11 

QGIS 0.634 46.51 -46.15 

GISTOSWMM 0.665 45.13 -40.56 

SCALGO-Base 0.657 45.80 -37.00 

SCALGO-Inlet 0.587 51.48 -45.86 

SCALGO-Small 0.575 52.37 -46.43 

SCALGO-Coeff 0.718 40.32 -36.66 

M2 

HSY 0.721 106.16 -19.56 

QGIS 0.816 85.71 -29.00 

GISTOSWMM 0.739 101.72 -25.19 

SCALGO-Base 0.858 76.05 -32.30 

SCALGO-Inlet 0.802 90.59 -37.96 

SCALGO-Small 0.793 92.75 -38.07 

SCALGO-Coeff 0.834 81.36 -27.48 
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Herttoniemi 

Figure 17 shows the measured discharge hydrograph from the Herttoniemi case area 

and compares it to simulated values in various methods. The simulated peaks using the 

HSY method were generally higher than the measurements and the results from other 

methods because of the larger TIA as noted in Table 7. Although GISTOSWMM had a 

higher TIA than QGIS and SCALGO, its hydrograph was almost similar to theirs. This is 

because not all the impervious surfaces were directly connected to the network. As a 

result, water that ran off from some impervious surfaces went through pervious areas 

and got infiltrated before draining into the network. Table 12 shows that models based 

on the SCALGO methods most closely match the flow measurements in the two events. 

GISTOSWMM and QGIS performed acceptably in these two events. 

 

Figure 17. Comparison of measured vs. simulated flows for the selected two events in 
Herttoniemi with: (a) main methods ;(b) SCALGO scenarios. 
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Table 12. Models' performance for the Herttoniemi study Catchment. 

Event Method NSE RMSE PFE 

H1 

HSY 0.399 66.26 81.19 % 

QGIS 0.940 19.84 6.01 % 

GISTOSWMM 0.9171 23.78 0.14 % 

SCALGO-Base 0.932 21.35 8.67 % 

SCALGO-Inlet 0.939 20.14 -8.99 % 

SCALGO-Small 0.919 23.23 -14.07 % 

SCALGO-Coeff 0.952 17.60 5.79 % 

H2 

HSY 0.725 45.77 35.48 % 

QGIS 0.653 51.81 -35.02 % 

GISTOSWMM 0.6239 54.70 -29.33 % 

SCALGO-Base 0.790 39.93 -16.50 % 

SCALGO-Inlet 0.654 51.17 -33.40 % 

SCALGO-Small 0.546 59.00 -36.65 % 

SCALGO-Coeff 0.667 50.16 -20.21 % 

5.3 Method comparison and discussion 

Overall, this study's results suggest that instead of the old manual method, automated 

sub-catchment definition is recommended for urban areas, using terrain topography, 

high-resolution land cover data, and detailed stormwater drainage system data. Auto-

mated methods seemed to work better in dense highly impervious urban areas compared 

to low-density areas. For example, in regions with large green areas, the runoff volume 

can vary considerably due to the routing of runoff from impervious areas to pervious 

areas. Small-scale features of the urban surface, such as curbs, are easily neglected in 

automated delineation methods (Krebs et al., 2016). However, using higher-resolution 

data (DEM, DTM, and land cover) can improve the results. The importance of detailed 

land cover types and high-resolution terrain elevation in SWMM model performance was 

highlighted by previous studies (Petrucci & Bonhomme, 2014). 

Selecting the catchment definition method for an extensive city-scale model depends on 

many factors. Some of the most important factors are how fast the methods work for 

generating sub-catchments and how they affect the simulation of the model. Figure 18 

compares the required time for building and simulating the model with each catchment 

definition method. 
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Figure 18. Model building and simulation times for different catchment definition meth-
ods. 

Building times noted in Figure 18 refer to the time devoted to delineating sub-catchments, 

estimating parameters, and importing them into the existing hydraulic model. Thus, this 

is the author’s estimation for building a model should the method be used in a new area 

to the same extent as the case area. The results include errors regarding each method 

since building time can vary a lot by modeler skill, computer hardware, and study area 

size. The results clearly show that the SCALGO method requires the least amount of 

building time due to less manual work and less dependency on the computer hardware 

since it is a Web application. The GISTOSWMM method required a longer building time, 

which varied greatly depending on the size of the area. This is because of the time re-

quired to create suitable input files and for the toolbox to merge the cells. Although there 

is limited data about the techniques used in the HSY method, it was anticipated that most 

tasks would be similar to those in the QGIS method. Therefore, according to the manual 

work of these two methods, they were estimated to have almost equal building times. 

The term "simulating time" refers to the time it takes the SWMM simulator to compute 

and load the results. This includes the time it takes to run the event day and the day 

before it to balance the network. The simulation times observed show that the number 

of sub-catchments directly correlates with the simulation time required. The QGIS, 

SCALGO, and HSY methods have almost the same simulation time, while the same 

simulation took almost six times longer for the GISTOSWMM method. This is because 

GISTOSWMM had, on average, 600 times more sub-catchments. As a result, changes 
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in the simulation time can only be noticeable if the number of sub-catchments changes 

dramatically. The first reason is that sub-catchments are only part of the total compo-

nents of the models. The second reason is that in SWMM, hydrological processes take 

less time to compute than hydraulic calculations. 

Table 13 summarizes each method's general advantages and disadvantages in the sub-

catchment delineation process. Modelers can decide on the best method for their pur-

pose by comparing the hydrographs, computational load, simulation time, and pros and 

cons of each method. Therefore, the final decision for selecting the methods depends on 

many factors, such as the extent and complexity of the network, data availability, data 

resolution, the importance of the results, computer hardware, the budget, and the skills 

of the modeler. However, the conclusion and discussion in this study are based on look-

ing for an automated catchment definition for a city-scale network model. This conclusion 

might be more in line with what utilities, cities, and consulting companies desire than 

what academics choose. 

Table 13. Summary of methods' advantages and disadvantages. 

Method Advantages Disadvantages 

HSY (old) 

• Include extra data e.g., 
Network information system 
with manual delineation 

• Large manual work 

 

 

QGIS 

• Free software 

• Available manual and books 

• Question and answer 
website 

• Availability of some tools in 
different versions 

• One-pixel or very small sub-
catchments 

GISTOSWMM 

• Free open-source tool 

• High-resolution model 

• Tested in some scientific 
papers 

• Previous implementation in 
Finland 

• Hard implementation (data format) 

• Require programming skill 

• Too many sub-catchments for 
practical use 

• Uncertainty leads to wrong results 

• Both long simulation and building 
time 

SCALGO 

• Realistic terrain (culvert, 
underpass) 

• Terrain tools (e.g.inlet 
radius) 

• Point based delineation 

• Works in complex network 

• Merging sub-catchments 
according to the network 

• Fast update for large area if 
any changes happen 

• Commercial software 
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QGIS 

QGIS has been reported to be used by many authors for sub-catchment definition pur-

poses at a variety of scales. This is because of its free access and the many available 

manuals and question-and-answer websites. Such features enable this method to be 

used for small-scale models. The method was successful in defining outer boundaries 

for case areas, and the output hydrographs had good consistency with measurements. 

However, pre-processing of data and working with multiple toolboxes are still slow for a 

very extensive network.  

In the QGIS method, delineating sub-catchments and selecting discharge points for sub-

catchments is very demanding, especially in complex areas where both CSS and SSS 

exist. Moreover, the delineation sometimes generated very small sub-catchments, which 

meant that more error-prone manual work had to be done to fix the problems. Therefore, 

for a city-scale model, it still requires a lot of time from the de-signer to build the model. 

GISTOSWMM 

The main difference between the GISTOSWMM and other methods was its ability to 

generate high-resolution cell-based sub-catchments and find the water route between 

sub-catchments. In GISTOSWMM, instead of using only DEM, both land cover data and 

DEM were used in the sub-catchment delineation and sub-catchment routing. In other 

methods, routing between different land covers and, more importantly, between imper-

vious and pervious areas was not established in such detail. 

However, creating a very high-resolution model with GISTOSWMM did not result in any 

improvement in hydraulic results and model-building workload. Furthermore, no study 

site larger than 1 km2 has been reported using this method. While the merging process 

reduced the number of sub-catchments by 90% compared to uniform 1 x 1 m2 sub-catch-

ments, the total number of sub-catchments was still excessive (Niemi et al., 2019). Con-

sequently, based on the previous studies and the number of sub-catchments in the case 

areas, it can be predicted that a 17 km2 urban area (e.g., the Helsinki CS area in this 

study) will have more than 1 million sub-catchments. Applying such a huge number of 

catchments into the hydraulic model would result in a high computational burden on the 

modeler’s device and lead to a very long simulation time. Long simulations are one of 

the major problems with models, especially if they are used to simulate a large area, like 

a city, or they are used for real-time application. While the GISTOWMM cell-based 

method is somewhat suitable for defining sub-catchments for small urban areas, it is 

almost impossible to use for a city-scale model. Hence, GIS-TOSWMM is not 
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recommended for studying city-scale stormwater systems since there are several meth-

ods that are easier to use and more efficient while producing similar hydraulic modeling 

output. 

The GISTOSWMM was regarded as the most difficult model to construct. Basic 

knowledge of programming is necessary to understand how the toolbox and its utility 

programs work. In addition, GISTOSWMM's high-resolution outputs could sometimes 

lead to errors during the catchment definition. For example, since the method uses both 

land cover data and DEM in the routing procedure, it does not create a sub-catchment 

that routes water from the street level to rooftops. This assumption, however, may appear 

reasonable only if the DEM and landcover map matches perfectly. As a result, if a pixel 

near a house was wrongly mapped with the building landcover type, all of the sub-catch-

ments that went to the pixel would be left out of the final result. For the same reason, this 

tool did not generate a sub-catchment for central building yards. It is concluded that such 

a high-resolution model does not provide the model improvements desired. Furthermore, 

the method introduces more uncertainties and difficulties to the model implementation 

process. 

SCALGO 

The SCALGO toolbox provides the modeler with numerous tools for delineating sub-

catchments. Using water flow paths to define the contributing drainage area for each 

point, along with practical changes to the terrain (like culverts and underpasses), can 

help make the sub-catchment delineation more accurate. With this option, the modeler 

can define sub-catchments even for networks that are located close to each other. Ac-

cording to further results from case areas, the time for building models was greatly re-

duced with SCALGO compared to other automated methods. Furthermore, the method's 

lighter computational burden and shorter simulation time allow model construction for 

large urban catchments.  

Discharge results computed with the SCALGO method were better or not worse than 

those with the previous HSY method. This is encouraging for relieving the burden asso-

ciated with the sub-catchment delineation on a large scale. By comparing the different 

scenarios with SCALGO, practical results were found for stormwater modeling aspects 

like including stormwater inlets and the size of the sub-catchments, as well as using new 

imperviousness data.  

SCALGO models with high-resolution impervious data (LaserVesi) showed the best 

overall hydraulic performance of the case areas, but they underestimated the TIA in the 

Munkkiniemi case area. Using sub-catchments with a minimum size of 5000 m2 
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produced good enough results. Therefore, there is no need to use smaller catchments 

with this method. In addition, inlets can be used to better define catchment boundaries 

between the main catchment areas. However, there is no need to take into account all 

the inlets since their inclusion is time-consuming and offers no improvement to the hy-

draulic analysis at a large scale. As a result, the SCALGO method with a minimum size 

of 5000 m2 and an inlet radius of 8 meters was selected as the most suitable method for 

applying to the Helsinki sewer model. Stormwater inlets and separate stormwater net-

works can be included to improve simulation results at a local scale.  

Spatial resolution 

In this study, various spatial resolutions were investigated, ranging from detailed cell-

based sub-catchments to merged sub-catchments with the SCALGO toolbox. Models 

made with SCALGO showed that merged sub-catchments with a minimum size of 5000 

m2 had almost the same volume and peak as sub-catchments with a smaller minimum 

size. Due to the sensitivity of the SWMM's performance to the width parameter, it is 

important to choose the right value for a new merged sub-catchment. Consequently, a 

reliable result could still be reached if the sub-catchment outlet and width parameters 

were set correctly during the merging process.  

It is possible to use a larger minimum sub-catchments size (more than 5000 m2) for ex-

tensive models to optimize stormwater model performance. However, larger sub-catch-

ments may ignore the rainfall's spatial variability and lead to incorrect local flows. There-

fore, using large sub-catchments with high-resolution radar rainfall data is worthless 

since precipitation is assumed to be spatially uniform within each SWMM sub-catchment. 

When choosing an optimal spatial resolution for the sub-catchments, it is important to 

consider the resolution of the source data, for example, how detailed the rainfall data is.  

Further discussion  

SWWM sub-catchment works like a function that, when given rain data, returns the runoff 

response. Therefore, even though there were some differences in how sub-catchment 

parameters were selected, the general pattern of the results was similar. This could be 

justified by the identical rainfall data for sub-catchments. However, the differences in 

simulated runoff volumes and peak flow between the hydraulic results can be explained 

by the sub-catchments' total area, total impervious area, flow width, and slope. Slight 

underestimation of flow was expected because of the known underestimation of hydro-

graph tails and low flows by SWMM as encountered by previous studies (Guan et al., 

2015; Niemi et al., 2019). 
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SWMM utilizes the Manning equation to define the surface runoff for each calculation 

time step. Parameter changes influence the dynamics of runoff generation based on their 

sensitivities. In general, the performance of the methods was at least acceptable, given 

that parameters from the literature were used with SWMM models that had not been 

calibrated. 

Events with overflows 

The high volume of overflow in the Munkkiniemi area limited the number of events that 

could be meaningfully analyzed. The intense events in this area usually exceeded the 

capacity of the network, causing overflows at several locations. Due to the flooding and 

ponding water in the area, pipes may still be carrying stormwater hours after the event. 

Enabling the ponding area in the model can avoid losing water in overflows by tempo-

rarily storing extra water at a particular junction. However, in reality, a part of the storm-

water will not reach the outfall, and determining the amount of water overflowing from 

the manholes is challenging. The application of 2D modeling could reduce uncertainties 

in such an event, which should be considered if simulations of precise runoff are neces-

sary. However, since the objective of the thesis was to compare the performance of the 

automated sub-catchment definition, the main conclusion can be drawn from the event 

without overflow. 

Infiltration 

Throughout the study, it was repeatedly observed how important a role the pervious ar-

eas have on the final hydrographs. While impervious surfaces dictated the volume of 

discharge for the smaller storm event, naturally impervious areas (i.e., rock) and satu-

rated pervious surfaces generated significant stormflow for the larger event, especially 

on medium and low-density areas. In addition, a saturation of the pervious area was 

observed in high-density areas too when there were multiple peaks in precipitation data. 

While the hydraulic performance of the models was consistent during the first peaks, it 

was underestimated during the subsequent peaks. 

It is possible to achieve more realistic results by allowing the depression storage to fill 

up and letting pervious surfaces become temporarily saturated in long storm events. The 

saturation time of the pervious area is determined by the parameters of depression stor-

age and infiltration.  The results of the testing in the area showed the potential of a per-

vious area to improve the result if lower infiltration was used. The reason might be low 

infiltration in some pervious areas. For example, a green area with naturally rocky parts 

and naturally impervious areas may have less infiltration capacity. Furthermore, the sur-

faces located under the trees' canopy might be impervious or have low infiltration. As a 
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result, a low infiltration parameter should be used for such pervious areas. However, 

calibration is required because no uniform value can be used in all areas. Because infil-

tration and calibration are outside the scope of this study, future research could investi-

gate the spatial variability of infiltration parameters in pervious areas. 

Precipitation variability 

The rainfall data can explain a significant portion of the errors in hydraulic simulation 

results as it is the most sensitive input into the SWMM model (Arnaud et al., 2011; Niemi, 

2017). The current radar rainfall data grid covers a total area of 6.25 ha (250 m by 250 

m), while the average and maximum areas of sub-catchments are around 1 ha and 2 ha, 

respectively. Furthermore, most of the events simulated in this study happened in the 

summer. A typical feature of summer rains is their spatial-temporal variability. The alter-

ation of rainfall from one Rain Gage to another was observed many times during the 

simulation of the events. Such variation in rainfall data can have a great impact on urban 

catchments' runoff (Ochoa-Rodriguez et al., 2015). Using higher resolution for the radar 

data corresponding to the size of the sub-catchment can affect the hydrograph, espe-

cially in intense short summer events. Many researchers have stated the effect of rain's 

spatial variability on hydrological model performance (e.g., Berne et al., 2004; Krajewski 

et al., 2003). Furthermore, the temporal resolution of rainfall was among the most im-

portant parameters reported by previous authors (Berne et al., 2004; Bruni et al., 2015; 

Ochoa-Rodriguez et al., 2015). Schilling (1991) argues that a temporal resolution of one 

minute is required for urban hydrological model applications. Another study by Ochoa-

Rodriguez et al. (2015) suggested that finer resolution data (i.e., 1–5 minutes) is neces-

sary to accurately capture the variability of precipitation data. Future studies can look at 

how spatial and temporal resolution affects hydraulic results and CSOs. 

5.4 Modeling results of the Helsinki combined sewer network  

The catchment definition toolbox developed by SCALGO was applied to the CS area of 

the Helsinki sewer model to test the feasibility of the approach at a large scale. Sub-

catchment delineation for the Helsinki sewer model was more challenging compared to 

the case areas where importing the pipes and nodes to the toolbox sufficed to delineate 

the sub-catchments. The city of Helsinki has both combined sewer and separate storm-

water networks. The city center uses mostly the old, CS pipes. However, as the devel-

opment is ongoing in the city center, some areas already have separate sewer and 

storm-water networks in which stormwater is collected and conveyed to the Baltic Sea. 

Figure 19 shows a part of the Helsinki sewer network located close to the sea, where 

both types of network work to drain the stormwater. 
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Figure 19. An example of complex Helsinki sewer network. 

In some areas, like that shown in Figure 19, it was hard to define the area draining to the 

combined sewer network. Accounting for stormwater pipes is critical for achieving a re-

alistic presentation of sub-catchments. However, only the main CS areas exist in the 

Helsinki sewer model, shown with the red line.  

Parallel Model 

According to the need for stormwater pipes in the catchment definition, such pipes must 

have been added to the model from the shape files. In addition, more changes were 

needed in the model, including 1) many other components and complexities, such as 

pumps, weirs, and overflow pipes, that had to be simplified for the toolbox. 2) The model 

had more than 7000 nodes, each of which tagged either an inlet or junction. 3) Some 

assumed pipes needed to be added in order to generate sub-catchments for large private 

properties without network data. 

To have all such changes and pre-processing in one place and keep the main model 

untouched, a copy of the main model was created as a child scenario, called a "parallel 

model." Thus, the parallel model was safe to modify or add components as it would not 

be used for simulation. This model can be used in the future for updating purposes. 
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Delineation report 

Despite the network's complexity, the SCALGO toolbox was successful in generating 

sub-catchments for an extensive city-scale model using the manual alterations done in 

the “parallel model”. Since there was no information about how long it took to manually 

build the old sub-catchments in the Helsinki CS sewer model, it was not possible to com-

pare building times between the old and new sub-catchments. But by comparing models 

from the testing area, a rough estimate was made that the time it took to build a model 

with SCALGO was at least five times shorter than the old method. Consequently, the 

manual sub-catchment definition for the city-scale model, which can take several weeks, 

only took a couple of days with SCALGO. 

Figure 20 depicts the model's new and old sub-catchments, as well as the location of the 

four case areas. The new catchment definition method resulted in a total of 1400 sub-

catchments, connected to the combined sewer network. The number has increased by 

40% compared to the old catchments (933). Moreover, the total area of the sub-catch-

ment decreased from 1703 ha to 1580 ha. This was because some areas that were 

thought to be linked to the separated storm network were left out (suggested by HSY). 

The TIA of the new sub-catchments was 932 ha (59% of the total area), while the old 

sub-catchments had 1071 ha (62% of the total area). While the TIA decreased due to a 

reduction in the total area, the TIA percentage remained almost constant, showing the 

similarity of the imperviousness calculation of the method on a large scale. Based on 

new sub-catchments and their land cover data, in the Helsinki combined sewer area, 

buildings account for the largest fraction with 23.2%, followed by roads and forested ar-

eas with 22.1% and 20.7%, respectively. 

 

Figure 20. Sub-catchment delineation for the Helsinki sewer network. (a) old sub-
catchments in the HSY model; (b) new sub-catchments via SCALGO. 
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Analysis  

The Helsinki sewer model was simulated with new sub-catchments for a 3-month simu-

lation from June 1, 2021, until October 1, 2021. First, general results were presented, 

and then four main events in which overflows happened were evaluated. Similar to the 

case areas, an increase in the number of sub-catchments did not affect the simulation 

time. Using the model settings and hardware described in Section 4.6, the simulation 

took 10 hours for both new and old sub-catchments. Minor changes were anticipated 

since hydrological calculation requires less calculation time, and the total number of sub-

catchments is insignificant compared to the total number of model components (26,000). 

However, the size of the model result almost increased by 4%. 

A comparison between simulated and measured values evaluated at the model’s outlet 

is depicted in Figure 21. Measurement is located before the Viikinmäki WWTP. Similar 

patterns between the old and new sub-catchments show the new automated method can 

have a reliable result, as good as the previous method with manual work. 

 

Figure 21. Average inflow at Viikinmäki's WWTP. 

CSOs 

The results at the Viikinmäki WWTP, where tunnels attenuate the effect of runoff, could 

only show general information about the performance of the sub-catchments. Therefore, 

to compare the effect of sub-catchments on flow in the main lines and CSOs, four events 

with the most CSOs were selected from the same quarter in 2021. The flows in the two 

main pumping stations in the Helsinki combined sewer area are shown in Figure 22. After 

updating the sub-catchments, the hydraulic results at pumping stations remained con-

sistent, achieving the same or better results than the old, time-consuming manual pro-

cess. 
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Furthermore, three main overflow locations were selected to evaluate the magnitude of 

overflows. Figure 23 compares the simulated values of the overflows for new and old 

sub-catchments. A significant decrease in overflow volume was observed with the new 

sub-catchments. The results from overflow locations and pumping stations show that the 

peaks in the old sub-catchments were steep, whereas the peaks in the new sub-catch-

ments were reduced, resulting in a lower overflow volume. 

 

Figure 22. Comparison of measured (1-hour average) vs. simulated flows at 
Mäntymäki pumping station: (a); (b); (c); and (d) and at Siltavuori pumping station: (e); 

(f); (g); and (h). 

 

As a result of using automated sub-catchment delineation, there has been a significant 

increase in the speed of model development. The method has been found to be useful 

in developing hydrological models ranging from small to city-scale. For complicated ar-

eas, like the Helsinki sewer system, it saves a lot of time while giving the expected hy-

draulic performance. The process still requires creating a "parallel model" for simplifica-

tions prior to importing the network to the SCALGO toolbox. Using advanced technolo-

gies and automated methods has great potential to improve the accuracy of stormwater, 

combined sewer, and online models in the future. Furthermore, updating the model's 

sub-catchments can be done very quickly and in a systematic manner, especially after 

the first round of implementation. 
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Figure 23. Comparison of simulated total overflows in each rain event with old and new 
sub-catchments at three overflow locations (a) YVK067 Herttoniemi; (b) YVK008 Kaup-

patori; (c) YVK013 Satama. 

a)

b)

0

500

1000

1500

2000

2500

3000

Event 1 Event 2 Event 3 Event 4
T

o
ta

l 
o

v
e

rf
lo

w
s
 (

m
3
) 

Old New

0

200

400

600

800

1000

1200

Event 1 Event 2 Event 3 Event 4

T
o

ta
l 
o

v
e

rf
lo

w
s
 (

m
3
) 

Old New

0

500

1000

1500

2000

2500

3000

Event 1 Event 2 Event 3 Event 4

T
o

ta
l 
o

v
e

rf
lo

w
s
 (

m
3
) 

Old sub-catchments New sub-catchments

c)

YVK067 Herttoniemi location

YVK008 Kauppatori location

YVK013 Satama location



72 
 

6. CONCLUSIONS 

The aim of the thesis was to assess the automated delineation and parametrization of 

SWMM sub-catchments. Determining the model's practical level of details and spatial 

resolution, the automated methods' manual work reduction, and related processing time 

were the main challenges addressed in this work. The process was approached in two 

main steps. First, the application of the four catchment definition methods was investi-

gated in four case areas. Then, based on the comparison of methods, one automated 

method was used to test its capabilities in the city-scale network. From these two steps, 

the following key conclusions can be drawn: 

In four case areas that ranged from 22 ha to 55 ha, three automated catchment defini-

tions were implemented and compared to the old method. Consequently, SCALGO was 

found to satisfy the demands that were investigated in the first step and selected to be 

used in a city-scale model. 

Further practical results for stormwater modeling aspects were found in SCALGO sce-

narios. Firstly, the impacts of including inlets in the hydraulic results were found to be 

minor and can only be used in critical local places in extensive models. Secondly, using 

a minimum sub-catchment area of 5000 m² was deemed a practical and efficient choice 

for the case areas as the runoff volumes and peak flows remained consistent with that 

of smaller catchments. Finally, a new high-resolution imperviousness layer (LaserVesi) 

could be used to make a good estimate of the TIA in all case areas except Munkkiniemi. 

In the second step, the SCALGO catchment toolbox was found successful in generating 

sub-catchments for the Helsinki city-scale CS model with a complex network. This was 

validated in the hydraulic model where results remained consistent after replacing old 

sub-catchments with the new sub-catchments.  As a result, the method has been found 

to be useful in developing hydrological models ranging from small to city-scale. Even for 

complicated areas, like the Helsinki sewer system, it saves a lot of time while giving the 

expected hydraulic performance. The process still requires creating a "parallel model" 

for simplifications prior to importing the network into SCALGO Toolbox. Updating catch-

ments can be done very quickly and in a systematic manner, especially after the first 

round of catchment definition. 

In conclusion, the thesis has successfully served as a foundational analysis of the use 

of advanced technologies and openly available data in automated catchment definition. 

The results demonstrate an approach for improving Fluidit Storm accuracy and speed of 
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building SWMM stormwater or combined sewer models in the future. Based on the find-

ings of this study, further research could be conducted to study the effect of the spatial 

distribution of infiltration parameters and precipitation to improve the spatial–temporal 

variability of rainfall-runoff modeling. 
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