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Requirements imposed on municipalities, together with increasing floods due to climate 
change, have intensified the need for more effective stormwater management. A wide range of 
modelling approaches has been developed, and their purposeful utilization, which considers both 
the required level of detail and accuracy of results as well as time efficiency, supports addressing 
this need. Among the approaches, hydrodynamic modelling is widely used for the assessment of 
floods and related risks. However, its implementation in the practical design and optimization of 
stormwater management has remained more limited due to its computational complexity. This 
thesis examines the 1D-2D hydrodynamic flood modelling utilized in flood assessment and design 
of stormwater management. The key objective is to evaluate how hydrodynamic modelling can 
be applied to quantitative evaluation and selection of stormwater management practices. Mo-
reover the principles of stormwater management, theoretical framework of stormwater modelling 
and different modelling approaches are reviewed.   

To examine these perspectives, this thesis developed a 1D-2D hydrodynamic flood model for 
the Houkanoja area in Tampere. The flood model was developed using the Core+ DynamicFlood 
add-on in SCALGO Live. The modelling process included data collection and pre-processing, 
selection of boundary conditions, specification of model settings and parameters, and model ca-
libration and validation. The developed flood model was then utilized to evaluate flood conditions 
in the focus area, identify the key problem areas and the underlying causes as well as to evaluate 
the efficiency of the selected stormwater management practices.  

The validation of the developed model indicated best performance for high-intensity rainfall 
events, whereas the model tended to underestimate both water depths and flows during low-
intensity events. Validation was supported by using Percent Bias (PBIAS) and Nash-Sutcliffe Ef-
ficiency (NSE). For water depths, acceptable PBIAS values were achieved for the majority of the 
simulations, whereas NSE values met acceptable levels in half of the simulations. The results 
during current conditions indicated significant flood risks within the focus area, particularly at Hou-
kanojanraitti and Solkimäenkatu. Further, Solkimäenkatu was identified as a critical bottleneck, 
with maximum simulated water depths ranging from 2 cm to 62 cm. Among the modeled stormwa-
ter management scenarios, street elevation increase and ditch maintenance were recognized as 
the most effective solutions. The results indicated that combination of these could decrease the 
flooding at Solkimäenkatu as well as shorten flood duration and decrease water depth levels in 
surrounding areas. However, during the climate change adjusted design scenario, the maximum 
water depths were approximately 50% higher than during design scenarios with current climate 
conditions. This highlighted the importance of considering climate change in stormwater mana-
gement design. 

The findings of this thesis demonstrate the potential of utilizing hydrodynamic modelling in 
stormwater management. The developed model provided a detailed tool for evaluating the time-
dependent development of floods, flow paths, and critical flood locations. In addition, the com-
bined 1D-2D model enabled simultaneous analysis of surface flow and drainage network within 
the same simulations. The incorporation of the drainage network into the model was identified as 
a key factor in the realistic representation of urban flow paths.  

Keywords: Hydrodynamic Flood Modelling, Stormwater Management, 1D-2D Flood Model,  
SCALGO Core+ DynamicFlood 
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Toukokuu 2026 
 

Kunnille asetetut velvoitteet sekä ilmastonmuutoksen myötä lisääntyvät tulvat ovat kasvat-
taneet tarvetta entistä tehokkaammalle hulevesien hallinnalle. Hallinnassa hyödynnettävien 
mallinnusmenetelmien määrä on suuri ja niiden tarkoituksenomainen hyödyntäminen, jossa hu-
omioidaan sekä tulosten vaadittu tarkkuus että ajallisesti tehokkaat lähestymistavat, tukee tätä 
tarvetta. Tulvatilanteiden ja riskien tarkasteluun käytetään usein hydrodynaamista mallinnusta. 
Hydrodynaamisen mallinnuksen hyödyntämistä hulevesien hallinnan suunnitteluun ja optimointiin 
on kuitenkin hyödynnetty vähemmän, johtuen laskennallisesta monimutkaisuudesta. Tässä 
työssä tarkastellaan hydrodynaamista 1D-2D tulvamallinnusta osana tulvatilanteen kartoitusta ja 
hulevesien hallinnan keinojen suunnittelua. Työn keskeisenä tavoitteena on selvittää miten hy-
drodynaaminen malli soveltuu määrälliseen hallintamenetelmien tarkasteluun ja valintaan. Lisäksi 
työssä tarkastellaan laajemmin hulevesien hallinnan periaatteita, hulevesien mallinnuksen teoriaa 
sekä eri mallinnusmenetelmiä.  

Työssä rakennettiin hydrodynaaminen 1D-2D tulvamalli Tampereen Houkanojan alueelle 
esitettyjen näkökohtien tarkastelua varten. Tulvamalli luotiin SCALGO Liven Core+ Dynam-
icFlood lisäosaa hyödyntäen. Mallinnusprosessi sisälsi lähtötietojen keruun ja prosessoinnin, mal-
lialueen rajauksen, mallin asetusten ja parametrien valinnan sekä kalibroinnin ja validoinnin. Ra-
kennettua tulvamallia hyödynnettiin kohdealueen tulvaolosuhteiden tarkasteluun, ongelmakoh-
tien ja niiden syiden kartoittamiseen sekä hulevesien hallintamenetelmien tehokkuuden ver-
tailuun.  

Validaatio osoitti mallin toimivan parhaiten korkean intensiteetin sateille, kun taas heikoille 
sateille malli aliarvioi sekä veden syvyys että virtaus arvoja. Validaatiossa hyödynnettiin Percent 
Bias (PBIAS) ja Nash-Sutcliffe Efficiency (NSE) arvoja. Veden syvyyksille, sallittu PBIAS saavu-
tettiin suurimmalle osalle simuloinneista, kun taas sallitut NSE arvot saavutti puolet simuloin-
neista. Nykytilan tulokset osoittivat selviä tulvariskejä tarkastelualueen sisällä erityisesti Houka-
nojanraitin ja Solkimäenkadun kohdalla. Solkimäenkatu tunnistettiin kriittiseksi pullonkaulaksi, 
jossa simuloidut veden syvyydet olivat 2 senttimetristä 62 senttimetriin. Mallinnetuista hallintame-
netelmistä tehokkaimmiksi vaihtoehdoiksi tunnistettiin Solkimäenkadun korottaminen sekä 
Houkanojan ruoppaus. Näiden menetelmien yhdistelmä vähentäisi Solkimäenkadun tulvimista 
sekä lyhentäisi tulvien kestoa ja alentaisi vedenpinnankorkeuksia ympäröivillä alueilla. Ilmas-
tonmuutos-tekijällä korjatulla skenaariolla korkeimmat veden syvyydet olivat noin 50% suurem-
mat kuin nyky-ilmastolla tarkasteltuna. Tämä korosti ilmastonmuutoksen huomioimisen tärkeyttä 
hulevesien hallinnan suunnittelussa.  

Työn tulokset havainnollistavat hydrodynaamisen mallinnuksen hyödyntämisen potentiaalia 
hulevesien hallinnassa. Kehitetty hydrodynaaminen malli tarjosi yksityiskohtaisen työkalun tulvien 
ajallisen kehittymisen, virtausreittien sekä kriittisten tulvakohteiden tarkastelulle. Yhdistetty 1D-
2D malli mahdollisti pintavalunnan ja hulevesiverkoston samanaikaisen tarkastelun yhtenäisillä 
simuloinneilla. Verkoston huomiominen tunnistettiinkin tärkeäksi tekijäksi kaupunkialueen vir-
tausreittien todenmukaisessa mallinnuksessa.  
 

Avainsanat: hydrodynaaminen tulvamallinnus, hulevesien hallinta, 1D-2D tulvamalli, SCALGO 
Core+ DynamicFlood 
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1. INTRODUCTION 

Floods are widely recognized as one of the most frequent and potentially destructive 

natural hazards. Thus, effective flood preparation is crucial as flooding can pose signifi-

cant risk to the environment, infrastructure, safety, health, economy and cultural heritage 

(Finnish Environment Institute, 2019). Despite the risks, floods are a natural component 

of diverse ecosystems and play an important role in maintaining ecosystem health and 

biological diversity (Parasiewicz et al., 2019).  

In Finland floods are typically caused by heavy rainfall and spring floods by snowmelt 

and dams generated by ice (Suomen Vesiensuojelun Keskusliitto, 2022). However, cli-

mate change is altering flood conditions and has intensified the need for improved 

stormwater management strategies. Significant efforts have already been made to im-

prove both, the understanding and management of floods. As a result, flood risk mana-

gement has successfully eliminated significant flood risk areas through both better pre-

paredness and implementation of stormwater management practices (Maa- ja metsäta-

lousministeriö, 2024).  

One key tool supporting these efforts is stormwater modelling which plays an important 

role in managing flood risks, enhancing our understanding of flood dynamics and identi-

fying effective strategies for flood adaptation (Kumar et al., 2023). Over the years, va-

rious modelling approaches have been developed to support stormwater management 

and flood control (Kumar et al., 2010). The models have been developed for different 

objectives, ranging from simplified conceptual approaches to more advanced hydrody-

namic models that simulate time-dependent flow movement in detail.  

However, there remains a need for further research on both stormwater management 

and effective ways to utilize stormwater modelling as part of stormwater management. 

Evaluating the efficiency of stormwater management practices, using modelling ap-

proaches to assess the impacts of climate change on stormwater infrastructure and   

using integrated models that combine surface and subsurface systems are some of the 

identified research needs (University of Minnesota, 2026; United States Environmental 

Protection Agency (US EPA), 2026; Oberauer et al., 2023). Related to these, one key 

challenge is the large-scale urban flood simulations, which often requires extensive net-

work as a input data (Guo et al., 2020).  
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Addressing these needs, this thesis focuses on urban stormwater management and the 

role of flood modelling as a part of flood risk assessment and the evaluation of stormwa-

ter management practices. This topic is examined by developing a 1D-2D hydrodynamic 

flood model for the study area, analysing the current flood risks with design rainfall events 

and assessing the impacts of selected stormwater management practices within the 

created model. The key research questions are 

1. What insights do different urban flood modelling approaches provide, and how 
can these support stormwater management decision-making?  

2. What are the benefits and challenges of 1D-2D hydrodynamic flood modelling in 
stormwater management compared to more simplified modelling approaches? 

3. How can the 1D-2D hydrodynamic flood model be utilized in the selection of 
stormwater management practices? 

Chapter 2 presents an overview of the basics of stormwater management, including the 

hydrological cycle, relevant legislation and regulations, commonly used stormwater ma-

nagement practices and key considerations in selection of these practices. Chapter 3 

focuses on stormwater modelling theory. It provides insights into modelling approaches, 

including hydrologic and hydraulic modelling. Furthermore, it includes a comparison of 

some of the commonly used stormwater modelling softwares. Chapter 4 introduces the 

study area as well as the workflow and methodology applied in the thesis. It describes 

the utilized data and model setup, followed by calibration and validation process. Addi-

tionally, the chapter presents the simulation setup for current scenario as well as 

stormwater management scenarios. The results, including assessment of the model ac-

curacy and reliability, a flood analysis under the current conditions and an evaluation of 

the stormwater management scenarios are presented in Chapter 6.  
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2. STORMWATER MANAGEMENT  

This chapter gives an overview of stormwater management, including the hydrological 

cycle, principles of stormwater management and stormwater management practices. In 

addition, the chapter provides insights into the legal and environmental aspects of 

stormwater management.  

2.1 Hydrological Cycle  

The hydrological cycle describes the continuous movement of water between the at-

mosphere, land and water bodies. The fundamental hydrological unit is a watershed (Be-

dient et al., 2013), which can be further subdivided into smaller parts based on individual 

stream branches or tributaries (El-Kadi, 2026). At present, the hydrological cycle is a 

well-known phenomenon, as hydrology has been extensively researched since around 

the 1930s (Bedient et al., 2013). Generally, the hydrological cycle is divided into four 

main processes: precipitation, runoff, evaporation, and infiltration (Kuntaliitto, 2012). 

More precisely, runoff can be further divided into overland flow, streamflow and ground-

water flow. Other processes include water storage in depressions and plant roots. One 

representation of the hydrological cycle and its processes is illustrated in Figure 1.  

 

Figure 1. The Hydrological Cycle (Adapted from Bedient et al., 2013) 

In stormwater management as well as in flood modelling, understanding the hydrolo-

gical cycle and the factors affecting the quantity of runoff is crucial. One of the factors 

directly affecting the timing, volume, and intensity of stormwater runoff is precipitation 

characteristics, which include rainfall intensity and event duration (US EPA, 1993). 

Other factors affecting runoff include the dry period before the rain event, soil proper-

ties and ground slope (Kuntaliitto, 2012). Along with these, vegetation plays a key role 

in determining the runoff quantity (Zhou, 2024).  
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In Finland, the most significant periods of stormwater occur during heavy rainfall 

events in summer and autumn as well as in spring due to snowmelt (Suomen ympä-

ristökeskus 2022). Table 1 presents the heavy rainfall events according to the Finnish 

Meteological Institute (2025b). The return periods are approximately one year or 

slightly less. Return period T (also known as recurrence or frequency interval) refers 

to how often a rainfall event of a certain intensity is expected to occur. 

Table 1. Heavy Rainfall Events by Duration (Finnish Meteorological Institute 2025b) 

Duration Total rainfall (mm) 

5 min 2.5 
30 min 5.5 
60 min 7.0 

4 h 10 
12 h 15 
24 h 20 

In addition to direct runoff, total rainfall is distributed into infiltration, depression storage 

and detention storage (Bedient et al., 2013). Infiltration transfers water into the subsur-

face, where it percolates through soil, reaching both upper and deeper levels and ulti-

mately groundwater. The rate of infiltration depends on factors such as rainfall intensity, 

land cover, land use and the properties of subsurface materials. Furthermore, stormwa-

ter is stored in vegetation, which in addition enhances infiltration and evapotranspiration. 

(El-Kadi, 2026) Evapotranspiration forms the major hydrologic losses together with infilt-

ration and it refers to the return of rainfall from soil into the atmosphere via evaporation 

and via transpiration through the surface of plants. (Bedient et al., 2013) The rate of 

evapotranspiration is affected by factors such as ground imperviousness and vegetation 

(US EPA, 1999).  

Climate change is expected to increasingly affect the hydrological cycle, including rainfall 

intensities and durations, in the future. In addition to changes in rainfall, climate change 

will affect temperatures and evaporation, resulting in changes in seasonal variations in 

river flows and water levels (Veijalainen et al., 2012). In the future, stormwater manage-

ment will need to adapt, as the hydrological foundation for design will change. Expected 

spring meltwaters will decrease whereas heavy rainfall floods in summer as well as au-

tumn and winter rainfalls will increase (Veijalainen et al., 2012). In addition, climate 

change may further affect runoff quality due to the increased rainfall intensities, leading 

to higher pollutant loads and increased thermal pollution in stormwater (Müller et al., 

2020). 

Along with climate change, urbanization alters the hydrological cycle of catchment areas 

and all the previously mentioned four parts of the hydrological cycle. Both the quantity 
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and quality of runoff are considerably impacted by physical changes related to watershed 

development (US EPA, 1993). Increased structural compaction and pervious surfaces 

cause flooding and drainage problems, as infiltration decreases, resulting in a greater 

portion of the precipitation becoming runoff. (Kuntaliitto 2012) The effects of urbanization 

on runoff generation can be complex. According to Guan et al. (2016), the increase in 

impervious surfaces decreases the difference in urban runoff generation between low 

and heavy rainfall events. These changes can significantly alter runoff processes, as the 

proportion of impervious surfaces is a key determinant of runoff generation during a rain 

event (US EPA, 1993).  

Besides hydrological changes, the chemical and physical characteristics of runoff are 

altered by urbanization. Urban runoff contains increased pollutant loads such as sedi-

ments, heavy metals, nutrients and pesticides. These pollutants originate from sources 

such as erosion, construction and industry. (US EPA, 1993) While comprehensive know-

ledge of all contributing sources is still incomplete, the main identified sources are trans-

portation, surfaces of metallic buildings and atmospheric deposition (Müller et al., 2020). 

From a physical perspective, urban runoff temperatures are typically higher due to the 

warming effect of impervious surfaces. (US EPA, 1993)  

These changes in the hydrological cycle of urban areas affect the environment holisti-

cally. Wetland hydrology is mainly influenced by runoff, evaporation and groundwater 

exchange. In addition, natural vegetation may be affected due to changes in watershed 

hydrology, such as increased flood frequency and water level fluctuations. (US EPA, 

1993) 

2.2 Principles of Stormwater Management 

In urban stormwater management, the main goals are controlling stormwater, preventing 

urban flooding and managing the quality of both groundwaters and surface waters. (VTT, 

2016) Stormwater management solutions aim to achieve the hydrological cycle and ru-

noff quality that certain area would have in its natural state (Kuntaliitto, 2012). The foun-

dation is an understanding of the interaction between land areas and stormwater: how 

the characteristics of the land affect stormwater volume, flow rate and quality and on the 

other hand, how stormwater affects both the environment and people (Minnesota Pollu-

tion Control Agency MPCA, 2008).  

The stormwater guide (Kuntaliitto, 2012), published by the Finnish Association of Local 

and Regional Authorities, and commonly applied in Finland, defines the following priori-

ties for stormwater management: 
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1. Prevent the formation of stormwater 

2. Reduce the amount of stormwater by treating and utilizing it at the source 

3. Convey stormwater through systems that slow down and infiltrate the waters 

4. Convey stormwater to public retention and detention sites  

5. Discharge stormwater outside the area or into waterbodies 

Stormwater management is a multi-stage process that can be divided into four main 

phases: stormwater management needs assessment, planning, implementation, moni-

toring and maintenance. The stormwater management needs assessment focuses on 

analysing the current conditions of an area and evaluating how land-use changes may 

affect its hydrological cycle. Based on this assessment, planning sets objectives for 

stormwater management across multiple aspects such as flood protection, economy and 

environmental protection. The planning process typically progresses from comprehen-

sive general-level planning to the selection of management methods and their detailed 

design such as dimensioning and placement. (SKTY, 2020) 

Stormwater management and related research have significantly advanced over the re-

cent decades. Traditional approaches in flood control, including practices such as relying 

only on structural solutions, have been reconsidered (Bedient et al., 2013). In addition 

stormwater management related legislation has evolved and practices have been impro-

ved further through stormwater programs and strategies. Some significant perspectives 

have been climate change and more sustainable stormwater management approaches. 

Research interest has included topics such as stormwater management adaptation to 

climate uncertainty related to climate change, challenges in the operation and mainte-

nance of management practices and green infrastructure including its challenges, be-

nefits and costs (United States Environmental Protection Agency, 2026; University of 

Minnesota, 2018; Lähde & Rosqvist, 2018). Besides these, a potential avenue for future 

research is the application of artificial intelligence in stormwater management. Although 

the possibilities have been explored (Rahman et al., 2026; Ramovha et al., 2024), the 

implementation still requires further research. 

2.3 Stormwater Management Practices 

Stormwater management practices, commonly referred to as Best Management Practi-

ces (BMP), are structural and non-structural methods used to control and treat stormwa-

ter runoff. These practices aim to control peak runoff rates, improve water quality and 

decrease runoff volume (Suomen ympäristökeskus, 2022). Most stormwater manage-

ment methods focuses on quantitative water management (VTT, 2016). However 



7 
 

stormwater management practices often aims to have a multi-purpose and a single met-

hod can both improve runoff quality and reduce runoff (Suomen ympäristökeskus, 2022). 

Non-structural control methods refer to approaches that do not require construction or 

maintenance. These include practises such as stormwater management programs (US 

EPA, 1993). Due to the objective of this thesis, this chapter mainly focuses on the struc-

tural stormwater management practices.  

The structural stormwater management practices are commonly categorized into reduc-

tion, detention and retention, treatment, and conveyance. However due to the complexity 

of the methods, it is difficult to define an exact universal division, therefore the catego-

rization can be based on various different aspects. U.S Environmental Protection Agency 

has categorized structural BMPs into detention systems, retention systems, constructed 

wetland systems, infiltration systems, filtration systems, vegetated systems, minimizing 

impervious surfaces and other miscellaneous systems (1999).  

Among stormwater management practices, reduction, which includes methods that infilt-

rates or evaporates runoff at its source, should be prioritized. The reduction aims to 

reduce stormwater runoff by preventing its generation at the source and minimizing the 

runoff that leaves the site. This can be achieved by maximizing the amount of permeable 

pavements, constructing infiltration systems and utilizing vegetation to evaporate 

stormwater. Infiltration systems includes basins, trenches and wells in addition to the 

porous pavement systems such as porous concrete and asphalt (US EPA 1999). 

Besides flow control, reduction systems have benefits to water quality and hydrology. As 

site hydrology can change due to increased imperviousness, leading to increased flow 

volume, duration, peaks and frequency, volume reduction may alter hydrologic conditi-

ons closer to pre-development levels. (MHFD, 2026) 

Stormwater detention and retention systems are designed to lower the flow peak from 

heavy rain events. Detention systems temporarily store stormwater, while retention 

means permanent storage. Thus, in retention systems, stormwater is only reduced by 

infiltration or evaporation. Detention and retention systems include practices such as 

wetlands, ponds and basins. In addition to the subsurface systems, methods include 

underground systems like pipes and tanks (US EPA, 1999). Retention and detention 

systems are often designed with reduction systems included. Bioretention systems, also 

known as rain gardens, maintain natural drainage patterns by utilizing vegetation to en-

hance infiltration. (MHFD, 2026) 
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Conveyance methods can be divided into subsurface systems refering to drainage and 

culverts and surface systems such as open ditches, channels and depressions. The de-

sign of conveyance systems should consider not only the dimensioning but expenses, 

maintenance, structural design, aesthetics and impacts on the surrounding evinronment 

(Väylävirasto, 2023). In Finland frameworks for conveyance design have been produced 

by Finnish Transport Infrastructure Agency as the conveyance is critical for the drainage 

of the roads and other infrastructure. One key design aspect is the slope of the con-

veyance systems. The longitudinal slope of roadside ditches should be at least 0,4% and 

in exceptional situations at least 0,1%. While there is no upper limit for ditch slope, stee-

per slopes require examination for need of erosion protection. (Väylävirasto, 2023) 

Besides the risk of erosion, the potential clogging of culverts should be considered in the 

design. This risk can be reduced by designing ditch slope of between 0,5 and 1 % over 

distance of 20 meter downstream from the culvert. (Väylävirasto 2023) Proper slope de-

sign together with sufficient route lenght and vegetation, will in addition enhance infiltra-

tion processes and flow deceleration in designed open channel systems (Kuntaliitto, 

2012).   

Besides the quantitative water management, various methods improve the stormwater 

quality by removing pollutants and other contaminants from the stormwater. These treat-

ment methods utilize sedimentation, filtration, infiltration and biological processes (Erick-

son et al., 2013). Some of the treatment practices, such as earlier mentioned vegetation 

and oil separation systems, are often combined with qualitative management methods. 

Like many other methods, the treatment systems often require maintenance to maintain 

their effectiveness level, which may decline due to processes such as increased vege-

tation and clogging by sediment (Erickson et al., 2013).  

As stormwater management is shifting away from traditional methods, the development 

of sustainable approaches and green infrastructure has become significant research fo-

cus. Green infrastructure is defined as methods that utilizes filtration, infiltration and eva-

potranspiration to treat and reduce runoff at its source (US EPA, 2026). Measures using 

these natural processes, to mimic the environment`s natural water cycle, are often refer-

red in addition as sustainable urban drainage systems (SUDS). These measures have 

been studied and developed worldwide as well as promoted further by including source 

management and detention priorities into stormwater management strategies (Lähde & 

Rosqvist, 2018). Table 2 presents an overview of structural management practices and 

their key features.
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Table 2. Overview of Stormwater Management Practices (Suomen ympäristökeskus, 2012; US EPA, 1999; US EPA ,1993; Väylävirasto, 
2023; MHFD, 2024)  

Category/Method 
 

Principle Impacts on nature  Considerations 

Preventing the formation of stormwater 
and reducing its quantity 
 

   

Preserving natural vegetation and minimi-
zing impervious surfaces 

 

Stormwater volume reduc-
tion, soil infiltration  

Restores and enchances the 

hydrological cycle in urban 

areas 

Design should consider soil properties, re-

quires land-use planning  

Infiltration structures Soil infiltration Improves water quality  Efficiency depends on soil characteristics, 

possible reduced efficiency over time 

Stormwater detention, retention and 
treatment 

   

Wetlands, depressions and ponds Flow reduction, water sto-
rage, evaporation, soil infilt-
ration 

Enriches nature, improves 

water quality, erosion control, 

groundwater recharge 

Design should consider soil properties 

Constructed pools and trenches 
 

Flow reduction, water sto-
rage, evaporation 
 

Depends highly on the de-

sign   

Design should consider soil properties 

Treatment systems  Filtration, sedimentation, 
sorption, biological proces-
ses 

Improves water quality  May require high maintenance 

Stormwater conveyance    

Open ditches, streams, green depressi-
ons, gutters, canals 

Flow reduction, evaporation, 
soil infiltration 

Enriches nature, improves 

water quality  

Possible reduced efficiency over time 

caused by increased vegetation and 

blockages 

Drainage, culverts Flow conveynance and re-
duction 

May increase erosion and 

degrade water quality 

Limited capacity may results in flooding 
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2.4 Selection of Stormwater Management Practices 

The selection of stormwater management requires detail planning as well as considering 

local conditions and objectives (Suomen ympäristökeskus 2022). Generally, the selec-

tion considers a wide range of perspectives, which does not have a single correct solu-

tion, therefore leading to a variety of possible approaches. Few of the factors considered 

are (US EPA, 1999):  

• site conditions 

• cost 

• land use  

• aesthetics  

• rainfall frequency, duration and intensity  

• topography of the area  

• future development of the area 

• maintenance and rehabiliation needs 

• possible freezing and temperatures 

• local regulations. 

Physical conditions include factors such as topography, soil types, groundwaters, wet-

lands and existing drainage (MHFD, 2024). The selection and placement of stormwater 

management practices should consider these aspects, as the efficiency of BMP can be 

highly influenced by physical conditions of the site. Due to this, the stormwater manage-

ment design process should include identifying the natural system existing in the design 

area (ASCE 1992). Soils with high permeability are better suited for management sys-

tems utilizing infiltration, such rain gardens or permeable pavement. However, these na-

tural processes are complex and infiltration capacity in highly permeable soil can still be 

limited due to shallow groundwater. In other situation, shallow groundwater can function 

as a suitable base for systems such as constructed wetlands. (MHFD, 2024)  

Stormwater management that considers natural values present in the design area is 

known as natural stormwater management. Natural stormwater management creates 

opportunities to preserve these values by utilizing the natural water cycle processes and 

by setting the local conditions as the base of the stormwater management (Kuntaliitto, 

2012). Optimal local stormwater management solutions are designed to enchange and 
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utilize natural hydrological cycles and water quality (ASCE 1992). The goal is to integrate 

stormwater management methods into the landscape and functionality of the urban en-

vironment. (VTT, 2016) This approach can also be seen as an opportunity to enhance 

the aesthetics of the urban environment (Kuntaliitto, 2012).  

Moreover stormwater management should consider the impacts of applied practices on 

surrounding areas. For instance stormwater runoff can negatively impact small water 

bodies including ditches, streams, rivulets, ponds, and springs (Kuntaliitto, 2012). There-

fore, it is essential to ensure that practices do not cause flooding or additional water load 

in other areas (Suomen ympäristökeskus, 2022). 

Besides site conditions and natural values, one key aspect in the design and selection 

of BMP is costs. The costs of BMP consist the whole life-cycle, including construction, 

operation, maintenance and rehabilitation (MHFD, 2024). All stormwater management 

practices require maintenance. However, some practices, such as infiltration due to clog-

ging and underground systems due to harder maintenance process, can be more high 

maintenance. (MHFD, 2024) Therefore, practical feasibility should be considered already 

at the design stage to minimize post-design costs.  

Furthermore, the design and selection of BMP are controlled by the legal framework and 

regulatory requirements. These aspects are discussed in greater detail in the following 

chapter.  

2.5 Legal and Regulatory Considerations  

Stormwater management is governed by diverse framework consisting legal and regula-

tory aspects. Figure 2 presents an overview of the key considerations involded in 

stormwater management.  

 

Figure 2. Legal and Regulatory Considerations in Stormwater Management 
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The responsibility of stormwater management is shared among state and municipal 

authorities, private operators and local residents (Kuntaliitto, 2012). In Finland, stormwa-

ter management is primarily regulated through Land Use Act (132/1999), which was for-

merly part of Land Use and Building Act. The Land Use Act assigns municipalities res-

ponsible for the local detailed plan area and properties responsible for the management 

of stormwaters on properties. Related to stormwater management, the overall aim of the 

act is to improve stormwater management planning, promote infiltration and retention 

locally where stormwater accumulates, prevent the damages caused by stormwater and 

reduce stormwaters discharged to wastewater sewer systems. In addition, the Land Use 

and Construction Act defines the framework for assessing environmental impacts. 

Besides Land Use Act, stormwater management is controlled by national Water Services 

Act (119/2001) as well as Flood Risk Management Act (620/2010) and Degree 

(659/2010). The Water Services Act provides guidelines for the stormwater drainage 

systems. The flood risk management act aims to reduce flood risks, prevent and reduce 

damage caused by floods and enchance flood preparedness. It requires municipalities 

to assess their flood risks every six year. The most recent revision was made in 2024, 

and the next revision will be conducted in 2030. The assessment includes identifying 

flood risks caused by stormwater flooding and determining significant flood risk areas to 

which flood hazard and risk maps are prepared.  

International laws related to stormwater management are the EU Floods Directive 

(2007/60/EC), the Water Framework Directive (2000/60/EC) and the Urban Wastewater 

Treatment Directive (2024/3019). The EU Floods Directive gives requirements for mem-

ber states to evaluate flood risks and form stormwater management plans. Related to 

flood management, Water Framework Directive focuses on water protection and decrea-

sing the effects of floods. The Urban Wastewater Treatment Directive provides a legal 

framework for the collection, treatment and discharge of urban wastewater. The directive 

requires member states to implement integrated urban wastewater management plan, 

including practices to reduce pollution from runoff and stormwater overflows.  

Besides the laws and requlations, Finland does not have national standards for design 

principles. Therefore, the design is typically guided by Finnish municipalities' own internal 

guidelines and regulations. One widely used guideline is the Stormwater Management 

Guide provided by Finnish Association of Local and Regional Authorities. However, there 

is a clear need to update these design guidelines in order to standardize the design 

principles.  
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3. STORMWATER MODELLING  

This chapter covers the theoretical framework behind stormwater modelling. It discusses 

different modelling approaches including hydrological and hydraulic modelling. Further-

more, an overview of four commonly used softwares are presented. Given the purpose 

of this study, this chapter focuses on water quantity modelling and therefore modelling 

of water quality is not covered in detail. 

3.1 Principles of Stormwater Modelling 

Stormwater modelling, using computer programs, has been a part of stormwater mana-

gement already since the mid-1970s. (Bedient et al., 2013) It has widely been recognized 

as an effective tool for both quantitative and qualitative stormwater management (VTT, 

2016). Stormwater management models are used for analysing, design and planning of 

both urban and non-urban areas. Predictions of stormwater management structure per-

formance, effects of water control structures on channel water surface elevations and 

water quality impacts under land management scenarios are some of the applications 

(MPCA, 2008).  

Stormwater models simulate various elements of the hydrological cycle as well as hyd-

raulic processes occurring within drainage networks. In addition, stormwater models can 

simulate water quality factors. Hence, the models are commonly classified as hydrologic, 

hydraulic or water quality models (MPCA, 2008). However, single models usually integ-

rate hydrologic, hydraulic and water quality components.  

In addition, models can be divided into steady and unsteady approaches. In steady-state 

models, the simulated variables do not change with respect to time, while unsteady mo-

dels account for temporal variations within these variables. Besides steady and unsteady 

approaches, models can simulate a quasi-steady processes. In quasi-steady process 

the simulated variable remains constant for a finite period of time, but does eventually 

change in a predictable manner. (Webb, 2017) Unsteady approaches are also widely 

known as time-dependent models, while steady approaches are known as time-indepen-

dent. In general, the steady approach is suitable for approximate preliminary assess-

ments, whereas the unsteady approach is more appropriate for advanced analyses as it 

provides more detailed information on the spatial and temporal fluctuations in flow rates 

and water levels (Rossman, 2017). 
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Single-event models are modelling approaches in which individual rain events are used 

as input, whereas continuous simulation approaches utilize rainfall time series to repre-

sent rain conditions over an extended period. Single-event models are often used for 

detailed design while continuous models are utilized typically for planning and optimiza-

tion in the early-stages of the design. Continuous models are advantageous in that they 

are generally less sensitive to the initial conditions at the start of the simulation. In cont-

rast, single-event simulations can simulate processes with greater detail while requiring 

less time-consuming simulations. (ASCE 1992)  

One significant objective of stormwater modelling is the analysis of flood events. Cur-

rently, a wide range of stormwater modelling approaches are applied in flood control and 

managing flood risks. The number of applications has especially increased in the last 20 

years. (VTT, 2016) Overall, stormwater modelling is generally considered to be a re-

quirement for a reliable and comprehensive assessment of flood conditions (Kuntaliitto, 

2012; MPCA, 2008).  

Flood models focus on water movement and accumulation during flood events. Typically, 

these models involve, in addition, simulating the rainfall-runoff process. Common appli-

cations include inundation mapping (Oberauer et al., 2023) as well as flood risk assess-

ment and flood risk management (Nkwunonwo et al., 2020). Figure 3 illustrates the mo-

delling framework of urban flood modelling, highlighting the common key components 

and the relations between them.  

 

Figure 3. Urban flood modelling Framework (Adapted from Guo et al., 2020) 

The water movement and accumulation are simulated with varying levels of complexity 

across different modelling approaches. In general, flood models can be classified into 

four groups (Guo et al., 2020)  

1. Drainage network models  

2. Shallow-water based models 
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3. Hydrogeomorphic approaches 

4. Other methods  

Drainage network models are usually one dimensional models that solve the Saint-Ve-

nant equations. The models represent a sewer system including inlets, manholes and 

control structures. Commonly, these models are coupled with surface runoff models. Mo-

dels that simulate both, flow within the drainage systems and surface runoff, are known 

as dual drainage models. (Guo et al., 2020) The coupling between 1D and 2D domains 

can be achieved using various methods, such as head (water level) based links or source 

(flow) based links. In these methods, 2D cells are connected to 1D nodes allowing water 

to be exchanged between the domains based on water levels or flows. (TUFLOW, 2026; 

SCALGO, n.d) Shallow-water based models are the most commonly used approach. 

These models solve either full or simplified forms of the shallow-water equations, which 

are presented in more detail in the following chapters. Shallow-water based models are 

commonly coupled with drainage network and hydrological methods. Hydrogeomorphic 

approaches are terrain-driven (geomorphic) methods, which are used to simulate an ap-

proximation of the flooded areas. Hydrogeomorphic methods do not simulate the dyna-

mic processes of flooding. (Guo et al., 2020) 

Among different modelling approaches, hydrodynamic models are often considered to 

provide the most detailed and accurate results. Hydrodynamic modelling refers to ap-

proaches that simulate water movement by solving the governing equations of motion in 

space and time (Webb, 2017). Among the four flood model types described above, the 

drainage network models, that describe flow dynamics, and shallow-water based models 

represent hydrodynamic approaches (Guo et al., 2020). The level of detail and accuracy 

however comes with more time consuming and complex simulations (SCALGO, n.d). 

Common applications of hydrodynamic modelling include assessing potential inundation 

extent and evaluating flood related damages (Oberauer et al., 2023). Thus, research 

related to hydrodynamic modelling has focused on these applications (Bhargav et al., 

2025) as well as on accuracy comparisons with other modelling approaches (Li et al., 

2023) and coupled surface-sewer modelling (Dong et al., 2020).  

Although stormwater models have undergone extensive development and achieved sig-

nificant advances in recent years, many research questions remain unsolved. Key chal-

lenges include model uncertainty and efficiency (Guo et al., 2020; Kumar et al., 2023). 

Model uncertainty is introduced by several sources including the modelling approach 

(Parnas et al. 2021; SCALGO, 2024a; Rossman, 2017), input data quality and availability 
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(Guo et al., 2020; SCALGO, 2024a) and the data used for calibration and validation (Mo-

riasi et al., 2007). One significant aspect of input data uncertainty is the heterogeneity of 

urban surfaces, which introduces challenge for the parametrisation (Guo et al., 2020). 

Furthermore, other identified areas for future research include the development of user-

friendly interfaces and climate change adaptation (Kumar et al., 2023).  

3.2 Hydrologic Modelling 

Hydrologic modelling covers the processes where rainfall is transformed into runoff and 

surface flow. The processes include precipitation, infiltration, evaporation, retention and 

detention, snow accumulation and snow melting (Rossman, 2015). Hydrologic modelling 

answers the questions regarding the amount of runoff generated and the timing of its 

arrival. Hydrologic models provide estimates of runoff volumes, peak flows, and the dis-

tribution of the generated runoff (MPCA, 2008). 

The key process is rainfall-runoff, in which rainfall over the catchment is converted into 

surface runoff by using precipitation and losses, of which infiltration is typically the most 

significant. The rainfall-runoff process gives insights into where water accumulates and 

what water depths are. The amount of runoff generated from precipitation depends pri-

marily on the characteristics of the catchment area, with the runoff coefficient being a 

determining parameter in the equations. Besides the rainfall-runoff process, hydrologic 

modelling can also include simple processes to route runoff through storage areas or 

channels. (MPCA, 2008) 

In the rainfall–runoff process, the primary hydrological input is precipitation, which is cha-

racterized by its intensity and duration. Hydrological modelling can use either actual rain-

fall events or synthetic design storms. The most widely used design storm method is the 

Chigago Design Storm (CDS) approach. Design storms differ from actual storms by du-

ration, temporal rainfall distribution and intensity-duration relationship. Design storm du-

ration is 24 hours when actual storm event duration varies. Compared to irregularity of 

actual rains, design storms increase and decrease smoothly. In addition, actual events 

have various return periods when design storms have single return period. (USDA, 2019) 

Generally the rain events used in the modelling should include rainfalls of different fre-

quency and duration (Kuntaliitto, 2012).  

Once simulated precipitation reaches the surface, it is divided into surface runoff, infilt-

ration and evaporation. Infiltration and evaporation are highly affected by land cover, soil 

types and vegetation (Kuntaliitto, 2012). In addition, site topography, soil characteristics, 

and land cover affect how generated runoff is distributed across the surface.  
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A variety of infiltration methods have been developed to estimate the infiltration process 

and four of the most widely used are Horton’s method, modified Horton’s method, Green-

Ampt method and Curve Number method (Rossman, 2016). From the methods, the most 

widely known is Horton’s (Equation 1). The Horton equation predicts the time-dependent 

reduction in infiltration capacity based on field measurements. Horton infiltration is cal-

culated as  

𝑓𝑝 = 𝑓∞ + (𝑓0 − 𝑓∞)𝑒−𝑘𝑑𝑡               (1) 

where 𝑓𝑝 is infiltration capacity into soil, 𝑓∞ is minimum or equilibrium value of 𝑓𝑝, 𝑓0 is 

maximum or initial value of 𝑓𝑝, 𝑡 is time from beginning of storm and 𝑘𝑑 is decay coeffi-

cient. (Rossman, 2016) 

The required input parameters are the initial infiltration capacity 𝑓0, the infiltration capa-

city decay coefficient 𝑘𝑑 (also known as rate of decrease) and the ultimate infiltration 

capacity 𝑓∞. These parameters depend on the initial moisture conditions as well as on 

soil and vegetation characteristics. Some estimates for these parameters are found from 

prior field study and measurements. (Rossman, 2016).  

Horton's method has some recognized limitations and modified approaches have been 

developed to improve the accuracy in varying conditions. One of the limitations is low 

rainfall intensities and long duration rainfalls. Particularly during the early stages of a 

storm event, Horton's method may be unsuitable due to the rainfall intensity being less 

than the initial infiltration capacity (Esen et al., 2013). On the other hand, because the 

infiltration decreases consistently as a function of time, the infiltration capacity can be 

underestimated for light rainfall intensities where soil does not actually saturate as much 

as predicted (Parnas et al. 2021). It is evident that a better understanding of infiltration 

methods and their uncertainties is still needed. 

In the Green-Ampt method (Equation 2), infiltration is represented as vertical downward 

flow beginning at the surface and proceeding through a saturated layer. (Rossman, 

2016) The Green-Ampt method is calculated as   

𝑓𝑝 = 𝐾𝑠(1 +
𝜓𝑠𝜃𝑑

𝐹
)                (2) 

where 𝑓𝑝 is infiltration capacity, 𝐾𝑠 is saturated hydraulic conductivity, 𝜓𝑠 is capillary suc-

tion head along the wetting front, 𝜃𝑑 is soil moisture deficit at the start of the rainfall event 

and 𝐹 is cumulative infiltrated volume. (Rossman, 2016) 

The hydraulic conductivity of the soil 𝐾𝑠, the initial moisture deficit of the soil 𝜃𝑑 and the 

capillary suction head 𝜓𝑠 are required input parameters. These parameters depend on 
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the soil characteristics and estimates can be found from related literature and field mea-

surements. (Rossman, 2016) 

The Runoff Curve Number method is an empirical approach that represents the relati-

onship between rainfall and runoff in a simple form. The method was originally developed 

by the Soil Conservation Service (SCS), which is now known as the Natural Resources 

Conservation Service (NRCS). The standard form of the method (Equation 3) combines 

all losses due to interception, depression storage and initial infiltration to estimate the 

total rainfall excess generated by a rainfall event. (Rossman, 2016; SCALGO, 2024a) 

The method is event-based and therefore does not consider rainfall intensity and dura-

tion. The rainfall–runoff equation is expressed as 

𝑄 =  
(𝑃−𝐼𝑎)2

(𝑃−𝐼𝑎)+S
                         (3) 

where 𝑄 is runoff, 𝑃 is precipitation, 𝐼𝑎 is initial loss and S is potential maximum retention 

after runoff begins. For precipitation depths less than the initial loss, the runoff is assu-

med to be zero. S (Equation 4) is calculated from the curve number (CN) as 

S =  
25400

𝐶𝑁
− 254               (4) 

Utilization of the CN method is enhanced by the large availability of curve numbers co-

vering various land use and soil groups. In addition to the original method, various mo-

dified applications have been developed.  (Rossman, 2016; SCALGO, 2024a)  

3.3 Hydraulic Modelling  

Hydraulic modelling simulates runoff routing through a drainage network consisting of 

components such as pipes, storage areas and channels. The calculated variables are 

flow rates, velocities, water surface elevations and other flow characteristics. (MPCA, 

2008) Surface runoff, flow through regulation systems such as pumps and weirs, ground-

water interflow and surface ponding are some the processes covered (Rossman, 2017). 

Common applications for hydraulic modelling include flood induation mapping and flood 

risk management (Nkwunonwo, 2020), as well as the planning, design and optimization 

of drainage networks and pumping systems (Rossman, 2017).  

Hydraulic models are commonly combined with hydrologic models. In these combined 

models, the output of hydrologic model is often used as the input for hydraulic model. 

The input can be in the form of steady flow or runoff hydrograph. (MPCA, 2008) 

Hydraulic models can solve calculations in one, two or three spatial dimensions. In 1D 

simulations, the flow is calculated in one dimension along a defined flow path such as 
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pipe or channel. A 1D model network includes two main components: links and nodes. 

Links have defined geometry and are associated with velocities, flows and conveyance 

between nodes, while nodes have defined storage and its volume. These structures 

make 1D simulations conventional for simulating pipe networks. 2D simulations segment 

the model into connected cells which have specified area and faces that link the cells. 

2D models are commonly used to simulate surface water flow, including urban flooding 

and river flow. Also the three dimensional models have cells and faces, but velocity and 

volume are also associated with cells. Although 3D simulations offer models with the 

fewest assumptions, the simulation time can be a limitation and therefore their use is 

often relevant only in specific situations such as detailed ocean modelling. (TUFLOW, 

2026) 

Hydraulic models are commonly governed by a simplified form of the Navier-Stokes equ-

ations. This consists of the continuity and momentum equations, together known as the 

St. Venant equations (Chow, 1959), or also known as shallow-water equations. These 

equations describe fluid acceleration, pressure, viscous and frictional forces (Webb, 

2017). The mass continuity equation, also known as conservation of mass, is expressed 

in one dimension as  

𝜕𝐴

𝜕𝑡
+

𝜕𝑄

𝜕𝑥
= 𝑞𝑙                       (5) 

where 𝐴 is cross-sectional flow area, 𝑄 is flow rate, 𝑡 is time, 𝑥 is distance along the 

channel and 𝑞𝑙 is lateral inflow per unit lenght.  

The momentum equation solves the dynamic routing. The momentum equation as its 

dynamic wave form, is calculated in one dimension as 

𝜕𝑄

𝜕𝑡
+

𝜕

𝜕𝑥
(

𝑄2

𝐴
) + 𝑔𝐴

𝜕𝐻

𝜕𝑥
+ 𝑔𝐴(𝑆𝑓 − 𝑆0) = 0                                                                    (6) 

where g is gravitational acceleration, H is hydraulic head, 𝑆0 is bed slope and 𝑆𝑓 is friction 

slope.  

The presented equations in 1D consider only the x-direction. In 2D modelling, the equ-

ations 5 and 6 are solved in both x and y directions while 3D models involve also z-

direction. Among these approaches, the two-dimensional shallow-water equations are 

widely used as it meets most of the application needs in engineering practices (Guo et 

al., 2021). 

Dynamic wave approach solves the full Saint-Venant equations. The equations 5 and 6 

can be further simplified into kinematic and diffusive forms (TUFLOW, 2026). The kine-

matic method solves the continuity equation but uses simplified form of the momentum 
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equation. In that simplification, kinematic method ignores inertial and pressure forces, 

which causes limitations for the model's conduit and nodes, and can therefore only be 

used in certain situations. (Rossman, 2017) The diffusive form is simplified by assuming 

slowly varying flow. Although in some situations the diffusive and dynamic solutions 

might produce accurate results, it can not be ensured without sensitivity testing. Compa-

ring the approaches, the full dynamic wave is the most accurate representation compa-

red to the other methods. (TUFLOW, 2026)  

3.4 Stormwater Modelling Softwares 

 

The wide range of stormwater modelling softwares, each with some advantages and 

limitations, makes it crucial to identify suitable softwares for specific stormwater mana-

gement applications. This section compares four commonly used stormwater models. 

Due to the large number of models, this does not serve as a comprehensive comparison 

of stormwater models but gives insights into the differences among modelling ap-

proaches. Table 3 provides an overview of the compared softwares and highlights the 

differences between the models.  

The EPA Storm Water Management Model (SWMM) is an open-source dynamic rainfall-

runoff model founded in 1971. It simulates runoff quantity and quality covering hydrologic 

and hydraulic processes. The model can be used to simulate both short- and long-term 

rainfall events and time-varying rainfall. SWMM is commonly used for applications inclu-

ding design of drainage and detention systems, design of stormwater control strategies 

and flood mapping. With the model, flow rate, flow depth and water quality can be ana-

lysed in pipes and channels at each time step. (Rossman, 2015) In SWMM, hydraulics 

of unsteady flow is calculated with St. Venant equations. These equations can be solved 

with both dynamic wave and kinematic wave approaches. In additon, SWMM provides a 

steady flow analysis where flow is uniform within each computational step. This gives 

less time-consuming option. However, as the steady flow analysis does not take dyna-

mics into account, it should be utilized only for preliminary design of continuous simula-

tions. (Rossman, 2017)  

SCALGO is a browser-based flood modelling software applied in municipal planning, 

nature restoration, urban development and infrastructure planning. The primary model-

ling environment, SCALGO Live, provides terrain-based static flood model for analysis 

of surface waters. Furthermore, SCALGO has Core+ add-ons; DynamicFlood, Na-

turelnsight and PropertyResilience, which are directly used within the SCALGO Live. 

DynamicFlood provides 2-dimensional hydrodynamic flood simulations and is powered 
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by the TUFLOW engine. (SCALGO, n.d) With SCALGO Live, different stormwater ma-

nagement practices such as wetlands and flood routes can be tested using terrain mo-

dification tools. The theorethical backround of SCALGO Core+ DynamicFlood is discus-

sed in greater detail in chapter 4. Compared to other commonly used softwares, there is 

still a limited amount of research on SCALGO. A master’s thesis conducted at KTH (An-

dersson, 2021) reported that predicted flooded areas in SCALGO Live aligned well com-

pared to MIKE 21 software, whereas water depths tended to be slightly overestimated. 

In addition, the thesis stated that SCALGO Live is best suited for smaller catchments 

and for the early stages of the planning process.  

MIKE+ is an integrated urban, river and flood modelling software developed by DHI. 

MIKE+ models water distribution, collection systems, river networks and overland floo-

ding. Model Manager is the main user interface of MIKE+. The integrated modules are 

water distribution, collection systems, rivers and 2D overland. (MIKE powered by DHI, 

n.d) MIKE+ is used for applications such as water quality risk analysis, design of BMP, 

wetland management and flood risk analysis. The collection system module includes the 

US EPA SWMM5 engine and water distribution module the EPANET engine. (MIKE po-

wered by DHI, 2025) MIKE+ uses MIKE 1D for computing hydrodynamic simulations for 

pipe network systems with alternating free surface, pressurized flows and an open chan-

nel network. For overland flow and floodplain modelling, MIKE+ includes 2D hydrodyna-

mic solver. Long term simulations can be computed with collection systems module and 

with pollutant transport simulations. (MIKE powered by DHI, n.d) 

HEC-RAS (Hydrologic Engineering Centers River Analysis System) is a modelling soft-

ware developed by the U.S. Army Corps of Engineers and released in 1995. It models 

1D steady flow hydraulics, 1D and 2D unsteady flow hydraulics, 1D unsteady flow sedi-

ment transportation, water temperature and generalized water quality. (U.S. ARMY 

Corps of Engineers, n.d.a) In addition, the modelling user interface enables to combine 

1D and 2D simulations. (U.S. ARMY Corps of Engineers, n.d.b) HEC-RAS includes 

channel design and modification tools, which can be used for the design of flood control 

channels. The workflow is implemented through graphical user interface (GUI) and se-

parate analysis and other supporting components designed to be interactive and suitable 

for multi-tasking. (U.S. ARMY Corps of Engineers, n.d.a)  



22 
 

Table 3. Overview of Stormwater Modelling Softwares (Rossman, 2015; U.S. ARMY Corps of Engineers, n.d.a; SCALGO, n.d; MIKE+, n.d) 

 

 

SWWM SCALGO Live & 

DynamicFlood 

MIKE+ HEC-RAS 

Common Applications Drainage system design & 

sizing, detention sizing, 

flood mapping, treatment 

BMP evaluation 

Flood & runoff mapping, 

stormwater management 

planning 

Drainage system design, 

flood mapping, river flood 

risk, water quality analyses 

River analysis, flood map-

ping, water quality ana-

lyses  

Computational Approach hydrologic, 1D hydraulic hydrologic, 2D terrain-ba-

sed, integrated 1D/2D hyd-

raulic simulations 

hydrologic, 1D/2D hyd-

raulic simulations 

hydrologic, 1D, 2D and 

1D/2D hydraulic simulati-

ons 

Quality Modelling  buildup, transport, washoff 

and treatment for any num-

ber of constituents  

Not included buildup, transport and 

washoff for any number of 

constituents, sediment in-

teractions  

temperature analysis, 

transport analysis for sedi-

ment & limited number of 

constituents 

Advantages Open source & free, widely 

used, comprehensive 

drainage design 

Fast setup, large built-in 

data and thus user input is 

optional 

multi-functional, autoca-

libration 

free, widely used, advan-

ced channel hydraulics 

User Interface Integrated environment for 

simulations, results and 

study area editing   

Browser based, user-frien-

dly & interactive environ-

ment. Includes customi-

zable map view with integ-

rated tools, analyses and 

flood animation.   

Modular environment inclu-

ding a wide range of ana-

lyses and tools 

Interactive multi-tasking 

environment including file 

management, data editing, 

river analyses, display of 

input/output data & flood 

maps/animation  
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The selection of stormwater modelling software depends on the objectives as well as the 

availability of data and resources. Key considerations include the type of information 

required, the desired level of accuracy and reliability, the conditions being simulated and 

the potential for future use of the model and its results (MPCA, 2008). Accuracy and 

efficiency are two significant indicators regarding of the performance of the models. Ty-

pically, more accurate models are less efficient than simpler approaches. In addition to 

more time-consuming computation, advanced models usually require more high-quality 

input data. (Guo et al., 2020) Consequently, the selection of an appropriate modelling 

approach balances between the required level of detail and accuracy of the result and 

the needed model development effort.  

 



24 
 

4. MATERIALS AND METHODS  

This chapter presents the materials and methods applied throughout the development 

and application of the hydrodynamic flood model. These include the model setup as well 

as model calibration and validation approaches. In addition, the Houkanoja study area 

and utilized modelling software are introduced.  

4.1 Research Methodology and Workflow 

An overview of the methodology used and the workflow followed is presented below 

1. Data Collection and Pre-Processing 

Stormwater network information, observed rainfall data as well as observed water 

level and flow measurement data was compiled.  

2. Model Creation and Setup 

The model boundaries were created based on the upstream catchment area of 

the study site. In addition, relevant input data were imported to the model and 

additional data corrections were made. Following this, the model settings and 

parameters were selected.  

3. Calibration 

Calibration was performed using observed water depth and flow values. Horton 

and Manning M parameters were modified to alter the peak and recession of 

water levels and flow rates.  

4. Validation 

Model performance was evaluated using the quantitative metrics NSE and 

PBIAS, while maintaining constant calibrated parameter values.  

5. Model Application 

The model was applied for flood assessment and scenario analysis with using 

Finnish design rainfall events to simulate both the current conditions of the study 

area and four selected stormwater management practice scenarios. The analysis 

included an assessment of the reliability and uncertainty of the results.  
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4.2 Case Study Area and Key Challenges   

For the purposes of this study, Houkanoja ditch and its surrounding areas in Tampere, 

was used as a study area. The Houkanoja originates from the Houkansuo area in Kan-

gasala, from where it flows through the areas of Koivistonsuo, Rusko and Kaukajärvi. 

Downstream, the watercourse continues as Vihioja and ultimately discharges into Lake 

Pyhäjärvi in Vihilahti. The Houkanoja is part of the Vihioja catchment area with a size of 

35,215 ha (Tampere, 2023).  

Upper parts of the Houkanoja do not have significant natural values and the river bed 

has been extensively modified. However the lower parts have notable natural values and 

characteristics of rapid-like nature. (Afry, 2022; KVVY Tutkimus Oy, 2023). The surroun-

ding nature of the Houkanoja has in addition been heavily altered (Tampere, 2015).  

The Houkanoja area has experienced flooding problems in several locations. These in-

clude parts of the Houkanoja ditch that runs through private property. This has presented 

a challenge for the flood management in the area. Several flood control methods have 

been proposed in the Houkanoja area in previous planning but their implementation has 

been partial. For the purposes of this study, it was essential to build a comprehensive 

overview of the area, its existing flood control structures and potential problem areas. 

Overview of the area is presented in Figure 4. Locations of the relevant flood control 

structures has been collected through field visits and information about the area has 

been received from the City of Tampere.  

 

Figure 4. Overview of the Houkanoja Area (Adapted from Tampere, 2024) 

The composition of land use, soil type and land cover within the study area was viewed 

in SCALGO Live. For land use and land cover SCALGO uses data from the Finnish 
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Environment Institute (SYKE) and for soil types the data is obtained from Geological 

Survey of Finland (SCALGO 2025b). The three largest land use categories within the 

study area are forests (56%), areas for indistry, services and transport (20%) and resi-

dental areas (17%). The spatial distribution of soil types consists of fine sand with clay 

(21%), bedrock (20%), fine clay with sand (18%), clay (14%), coarse sand with clay 

(13%), gyttja/peat (8%), silt (4%), water (1%) and fine sand (1%). Land cover in the study 

area is 74% natural, 25% artificial and 1% waters. Among natural land covers, the three 

largest classes are dense vegetation (41%), shallow vegetation (20%) and bare land 

(11%). Artificial land cover consists paved (16%), buildings (6%) and paved road (3%). 

4.3 SCALGO Live and Core+ DynamicFlood  

This thesis utilizes SCALGO Live and its DynamicFlood add-on for building the flood 

model as well as analysing stormwater management and modelling.  

SCALGO Live, together with the Core+ DynamicFlood add-on, enables static terrain-

based analyses and time-dependent hydrodynamic analyses. The Core+ DynamicFlood 

produces 2D hydrodynamic simulations with the integrated TUFLOW engine (SCALGO, 

2024b). The input rain event is defined as a rainfall hyetograph, representing the tempo-

ral distribution of rainfall intensity throughout the rain event.  

SCALGO provides default data for hydrological parameters and for necessary input data 

such as elevation, land cover, soil type, buildings and hydrological corrections meaning 

structures such as culverts. Besides the provided default data, additional input data can 

be imported into the model and key hydrological parameters can be adjusted. The large 

amount of default data enables quick analyses without the need for complex data collec-

tion and pre-processing.  

SCALGO calculates the runoff as a rainfall-runoff process in which runoff is the rainfall 

rate that exceeds the infiltration rate. Infiltration rates at each time step is calculated with 

selected runoff functions: Horton infiltration, constant infiltration and constant infiltration 

based on drainage network. By default, the Horton parameters are defined based on the 

degree of compaction of the soil and the soil type. SCALGO assumes that the degree of 

soil compaction is generally correlated to the degree of vegetation cover (SCALGO, 

2024a). Therefore, the degree of compaction is approximated by the degree of vegeta-

tion and represented by the land cover class. The composition of the soil is determined 

from publicly available maps. (SCALGO, 2024a; SCALGO, n.d) 
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SCALGO Core+ DynamicFlood uses TUFLOW HPC (Heavily Parallelized Computer) 

engine which is integrated into Scalgo Live. The TUFLOW HPC is a 2D fixed grid hydro-

dynamic solver. Hydraulic flow in culverts is simulated with TUFLOW`s 1D engine known 

as ESTRY. The culverts have circular shape and the length is the same as defined in 

SCALGO`s workspace. Culvert invert levels are set equal to the terrain elevation plus 2 

mm at the grid cell where culvert endpoint is located. The 1D nodes in the culvert model 

are connected to the 2D cells of the surface model. (SCALGO, n.d) For 1D and 2D mo-

dels, TUFLOW solves the full dynamic wave equations (TUFLOW, 2026).  

The roughness is represented using Manning's M. Values are set for each land cover 

class based on the land cover map. Manning's M is converted into the more commonly 

known Manning's n value with Equation 7 (SCALGO, 2024b). 

𝑀𝑎𝑛𝑛𝑖𝑛𝑔′s N =  
1

𝑀𝑎𝑛𝑛𝑖𝑛𝑔′s M
             (7) 

SCALGO Live interface has been created with the aim of providing a simple and user-

friendly modelling tool. Some simplifications are made, which introduce uncertainties and 

limitations. Uncertainties in soil parameters arise from heterogeneity of soils, while the 

model represents average moisture conditions based on different sources. Furthermore, 

in the Horton’s equation, runoff is generated at high rainfall intensities and low intensity 

rain does not increase the runoff. Therefore, Horton's method does not perform well for 

runoff generated due to saturation. (SCALGO, 2024a) 

4.4 Model Development Data 

Table 4 presents the dataset used in the model and its development. The model input 

data includes multiple datasets integrated within SCALGO Live platform. These are ele-

vation, soil type, land cover and land use data. In addition, part of the culverts integrated 

into SCALGO Live are included in the developed model. Furthermore, stormwater net-

work and additional culverts, from external sources, are incorporated into the model.  

Overall, the dataset provided by SCALGO and its cooperating sources offers the neces-

sary information required to compute the hydrodynamic simulations in Hydrodyna-

micFlood add-on. While this study utilizes the integrated data, certain modifications are 

made to achieve better representation of the real conditions. 
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Table 4. Input Data for Model Development  

Model Data Source 

Elevation data  SCALGO/National Land Survey 
of Finland 

Stormwater network The City of Tampere 

Culverts The City of Tampere, SCALGO 

Soil type Geological Survey of Finland 

Land cover SCALGO/Finnish Environment 
Institute  

Land use  Finnish Environment Institute  

Calibration and Validation Data  

Observed precipitation Meteorological Institute of Fin-
land 

Observed flow and water depth The City of Tampere 

The following sections present the data used during model development in greater de-

tail. In addition, the modifications applied to the model input data are described.  

4.4.1 Elevation, Land and Soil Data 

The elevation model integrated in SCALGO was utilized as the initial elevation of the 

developed model. The elevation model used is produced by National Land Survey of 

Finland (MML) and it utilizes laser scanning data. In Houkanoja area, the provided ele-

vation model KM2 has cell size of 2 x 2 m, coordinate system of ETRS-TM35FIN and 

vertical Reference of N2000. The used elevation data was acquired on 26.05.2025. The 

elevation model includes buildings as an increased height of 10 meters. The building 

footprints are received from Topographic Database produced by MML. (SCALGO, n.d) 

Utilized land cover map was produced by SCALGO and the Finnish Environment Insti-

tute. The resolution was 25 cm. The soil types in the model are based on the Danish JB 

soil classification. It includes 11 classes of soils, which represent the typical soil types in 

Scandinavia. It is noteworthy that the provided soil type map does not correspond to the 

original national soil map, as modifications have been made based on factors such as 

vegetation and urbanization. (SCALGO, n.d) 



29 
 

4.4.2 Stormwater Network Data 

The Houkanoja area has an extensive stormwater network that influences the flow rou-

tes. To accurately represent the area, the stormwater network was uploaded into the 

model. Prior to importing the network, it was pre-processed to ensure compatibility with 

the data format required by SCALGO. The utilized stormwater network map was obtai-

ned from the City of Tampere. The modified and imported file included pipes and wells 

with invert elevations. SCALGO applies a default culvert and pipe diameter of 3 m in the 

hydrodynamic model (SCALGO, 2024c). For significant culverts and pipes, the default 

values were replaced with documented diameters. 

In addition to the provided drainage network map, field visits were made to collect addi-

tional data. Visits focused on documenting information related to culvert structures, flood 

conditions, and other relevant site characteristics.  

4.4.3 Observed Precipitation, Flow and Water Level Data  

The model calibration and validation workflow used precipitation data provided by the 

Finnish Meteorological Institute and measurement data provided by the City of Tampere. 

The precipitation data was loaded from the observations download service (Finnish Me-

teorological Institute, 2025c). The precipitation data was measured at the Härmälä ob-

servation station, which is the nearest to the Houkanoja area. 

The Finnish Meteorological Institute's data was available as momentary, hourly, daily 

and monthly observations. For momentary observations available time intervals were 10 

minutes, 1 hour and 24 hours and available aggregation mean, maximum, minimum, 

sum and median. (Ilmatieteenlaitos, 2024a) The precipitation data was downloaded and 

analysed for the period between 10.09.2021–13.04.2023.  

Calibration and validation were computed using four different rain events presented in 

Table 5. The rain hyetographs are presented in appendix A. Observed rainfall events 

were selected considering conditions prior to each rain event, data availability and the 

aim of representing varying rain intensities and durations. The rain events were chosen 

from summer and autumn periods to exclude the need to consider snowmelt, snow and 

ice in the modelling workflow. Where possible, the rain events were chosen after a dry 

period to ensure that the initial flows and water levels would be comparable between the 

events. Moreover, the rain event durations were selected to ensure efficient computation 

time.  

All the simulations used the rainfall data with the shortest available interval of 10 minutes. 

First rain event H1 on 24.8.2022 was the heaviest recorded rain in Härmälä observation 
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station. It demonstrated flood risk from rare and intense rain event. During the rainfall, 

the majority of the total precipitation 36.09 mm occurred within 2 hours. Other simulated 

rainfall events H2, H3 and H4 represented rainfalls with more lower intensities and longer 

durations. Among the selected events, H2 represented rainfall conditions with saturation-

driven runoff processes, as it had most uniform low rainfall intensities. H3 included two 

high-intensity peaks in addition to periods of lower rainfall intensity, while H4 had a single 

high-intensity peak surrounded by lower-intensity rainfall. The selected rainfall events 

included most of the highest intensities observed over the entire precipitation dataset 

period.  

Table 5. Rainfall Events Used for Calibration and Validation 

Event  Rain Date and Time Total volume (mm) Simulation duration 
(h) 

H1 24.8.2022 4:00-14:00 36.09 10 

H2 12.9.2021 9:00-21:00 22.16 12 

H3 23.7.2022 11:00-21:00 16.32 10 

H4 6.7.2022 10:30-19:30 12.51 9 

  

In addition to the observed rainfall events, calibration and validation used flow rate and 

water depth measurement data provided by the City of Tampere. The received data co-

vered the period between 10.9.2021–13.4.2023 and included flow rates and water 

depths at 15-minute intervals.  

The Houkanoja catchment area has two flow measurement points, referred to as the 

downstream and upstream stations. This study utilized the observed data from the 

downstream station. The locations of the QSD flow meters are shown in Figure 4 and 

the measured flow at the downstream station, and equivalent precipitation data is illu-

strated in Figure 5.  

 
Figure 5. Observed Flow at the Houkanoja Downstream Measurement Point and 

Observed Rain Intensities at  
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Figure 5 shows that highest flow values occurred in September 2021, October 2021, 

April 2022 and August 2022. The flow peaks seen in September 2021 and August 2022 

were caused by high-intensity rainfall events included in the calibration and validation as 

H1 and H2. Peak observed in April 2022 reflects flow increase driven by spring snowmelt 

and rainfall, while peak in October 2021 is a result from prolonged precipitation event. 

4.5 Model Development  

The model development process proceeded through the following steps 

1. Creating the model 

2. Importing the input data and correcting the model data 

3. Selecting the model settings and parameters  

The modelling process was conducted in accordance with generally known good prac-

tice. In addition, procedures for steps, such as boundary conditions and network data 

preparation, were implemented based on instructions in SCALGO documentation 

(SCALGO, n.d) and additional guidelines provided by SCALGO.  

4.5.1 Model Creation 

The model creation process included the following steps 

1. Creation of the model workspace based on the focus area and its upstream 
catchment 

2. Hydrological corrections: Identification and modification of the most significant 
missing flow paths and culverts based on the examination of flood map 

3. Creation of the corrected model workspace  

The modelling was started by creating an initial model workspace to further analyse the 

correct boundaries and to refine the area. The boundaries were determined by using 

watershed tool in SCALGO Live. Followed by this, the desired settings were configured. 

The hydrological corrections provided by SCALGO were turned on to ensure the model 

taking considering relevant information from the software default data, such as existing 

culverts.  

After choosing the desired settings, the workspace was refined based on the modified 

flow paths and catchment area. In SCALGO, the calculations and analyses cover the 

created workspace and therefore it was essential to consider boundaries that encompass 

significant water bodies to ensure the accuracy of the model.   

After the initial model creation, the model was further developed with additional input 

data presented in the next section.  
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4.5.2 Model Input Data and Data Corrections  

Following the creation of the model, it was modified to more accurately represent real 

conditions in the area. This step included 

1. Importing input data 

2. Locations and diameters of the culverts 

3. Stormwater drainage network 

4. Additional adjustments to the elevation  

5. Additional adjustments to the land cover  

Elevations of critical structures in the area, such as detention basins and major ditches, 

were examined in greater detail and manually modified based on laser scanning data 

and previously collected information from the area. Land cover data was modified along 

Solkimäenkatu and Houkanojanraitti. In addition, a new land cover type was created for 

Houkanoja.  

4.5.3 Model Settings and Parameters  

Used model settings and parameters are presented in Table 6. The resolution for the 

simulations was set to 2 m based on the model elevation data. The simulation time in-

terval and groundwater depth were kept at the default values. Horton infiltration and 

Manning M values were modified through calibration discussed further in chapter 4.5.   

Table 6. Model Settings and Parameters 

Parameter Value  Adjustable 

Simulation resolution 2 m x 

Simulation time interval      150 s x 

Groundwater depth 2 m x 

Manning's M  Presented in Table 7 x 

Horton infiltration Presented in Table 8 x 

Other infiltration 0 mm/h x 

The infiltration method could be selected individually for four different runoff functions: 

glass, artificial, high compaction and low compaction. For high compaction and low com-

paction classes, the infiltration was calculated by the Horton's equation. For glass the 

infiltration was set to a constant value of 0 mm/h. In SCALGO, the infiltration for the 

artificial class including buildings, paved road and other paved areas is by default deter-

mined based on an estimation of existing stormwater network and divided into "sewered" 

and "no sewered" areas where sewered area has set default infiltration. Due to imported 
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stormwater drainage network data, the infiltration of artificial land cover type ”sewered 

area” was modified to 0 mm/h. 

4.6 Calibration and Validation of the Model 

The hydrodynamic model was calibrated to align more accurately with the observed flow 

and water depth data. With default settings, the simulated water depth and flow values 

did not fully correspond to the observed values. During the rain event on 24.9.2022, the 

simulated flow peak occurred earlier and was sharper than the observed. Additionally 

the flow peak recession was too rapid compared to the observations. However during 

the heavy rainfall event, the runoff volume corresponded fairly well with the measured 

volume. Additionally, the simulated water depth peak magnitude corresponded well with 

the observed peak, although the decline in water level occurred more rapidly than in the 

observations.  

The model was calibrated by modifying the Horton and Manning M values. The flow peak 

timing and the width of the flow peak were modified by increasing the Manning M values. 

Furthermore, new Manning's roughness coefficient was defined for Houkanoja ditch. 

Table 7 presents the default and calibrated values for Manning M values.  

Table 7. Default and Calibrated Manning M values 

Land cover type Manning M (default) Manning M (calibrated) 

Unpaved road 40 30 

Bare land 30 13 

Shallow vegetation 20 7 

Dense Vegetation  5 5 

Field 20 13 

Bare rock 30 20 

Building 50 50 

Paved road 70 50 

Other paved 40 30 

Water 50 40 

Houkanoja - 9 

Object   

Culverts 50 65 
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Total runoff was adjusted by modifying the Horton parameters. The calibration focused 

on the key soil types as many soil types were absent or negligible in the model area. 

Small adjustments were made to increase runoff during low rainfall intensities while kee-

ping the runoff volume unchanged from the modifications made to Manning's M values. 

The default and calibrated Horton parameters 𝑓𝑐 and 𝑓0 are presented in Table 8. Despite 

the calibration process, no single combination of the parameters produced a model, 

which consistently performed well to all rain events. Most significantly, low intensity rain 

events had a tendency for underestimation in all combinations.  

After the Manning's and Horton parameters were calibrated, the initial flow and water 

depth in the Houkanoja was added to the results as the initial values could not be added 

to the simulations. The missing initial data may cause uncertainties in the model results 

as well as the analysis, which is discussed in more detail in the results section of calibra-

tion and validation.  

Table 8. Default and Calibrated Horton Parameters 𝒇𝒄 and 𝒇𝟎. D = default, C = ca-

librated 

Soil type 

𝒇
𝒄
 𝒇

𝟎
 

High 
compaction 

Low  
compaction 

High 
compaction 

Low 
compaction 

D C D C D C D C 

Rocks and boulders 500 500 500 500 1000 1000 1000 1000 

Gravel 500 500 500 500 1000 1000 1000 1000 

Coarse sand 30 30 300 300 120 120 500 500 

Fine sand  25 25 200 200 100 100 400 400 

Coarse sand with clay 21 21 85 85 85 85 150 150 

Fine sand with clay 20 22 50 50 80 80 130 130 

Coarse clay with sand  12 12 30 25 50 50 120 120 

Fine clay with sand 9 4 25 25 47 47 100 100 

Clay 5 1 20 25 20 20 50 50 

Fine clay 0.5 0.5 2 2 2 2 20 20 

Very fine clay  0.01 0.01 0.1 0.1 0.1 0.1 1 1 

Silt 20 20 50 50 80 80 130 130 

Gyttja/Peak 21 21 85 85 85 85 150 150 
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The accuracy and reliability of the hydrodynamic model were evaluated by comparing 

the simulated flow and water depth results to the observed data. The simulation results 

were downloaded from a location corresponding to the flow meter site. To align the ob-

served data, the results were preprocessed into 15-minute averages (l/s).  

The model performance was evaluated with the percent bias PBIAS (Gupta et al., 1999) 

and the Nash–Sutcliffe model efficiency coefficient NSE (Nash & Sutcliffe, 1970). PBIAS 

(Equation 8) estimates whether simulated values are on average greater or smaller than 

the observed values. PBIAS is calculated as  

𝑃𝐵𝐼𝐴𝑆 =
∑ (𝑄𝑜𝑏𝑠,𝑡−𝑄𝑠𝑖𝑚,𝑡)𝑁

𝑡=1

∑ 𝑄𝑜𝑏𝑠,𝑡
𝑁
𝑡=1

 × 100%                       (8) 

where 𝑁 is the total number of observations, 𝑄𝑜𝑏𝑠,𝑡 is the 𝑡𝑡ℎ observed flow and 𝑄𝑠𝑖𝑚,𝑡 is 

the 𝑡𝑡ℎ simulated flow.  

The PBIAS is optimal when the value is 0. Model overestimation is indicated by negative 

values and underestimation by positive values. The NSE (Equation 9) measures the re-

lative difference between the variance of model residuals and the variance of the obser-

ved data. (Gupta et al., 1999) NSE is calculated as  

𝑁𝑆𝐸 =  1 −
∑ (𝑄𝑠𝑖𝑚,𝑡−𝑄𝑜𝑏𝑠,𝑡)2𝑁

𝑡=1

∑ (𝑄𝑜𝑏𝑠,𝑡
𝑁
𝑡=1 −𝑄𝑜𝑏𝑠,𝑚𝑒𝑎𝑛)2                       (9) 

where 𝑄𝑜𝑏𝑠,𝑚𝑒𝑎𝑛 is the mean observed flow.  

The optimal value of the NSE is 1 with values ranging between –∞ and 1. Values greater 

than zero are considered to indicate acceptable model performance. (Gupta et al., 1999) 

Although the PBIAS and NSE measures were originally formulated for flow values, both 

can be used for other data types. Therefore the equations are often introduced in terms 

of observed and simulated values as presented by Moriasi et al. (2007). In this thesis, 

these measures were used to validate flow and water depth results.  

4.7 Current Scenarios 

The calibrated and validated model was used to simulate current flood conditions in the 

area with ten Finnish design storm events. The events were collected from Finnish Cli-

mate Guide (Ilmasto-opas, 2026), Stormwater Guide (Kuntaliitto, 2012) and Finnish En-

vironment Institute Report (Aaltonen et al., 2008). These design rain events are defined 

based on rainfall duration and return period, which determines the intensity and amount 

of the rainfall.  
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The Finnish design storm events are generated based on a statistical analysis conducted 

in 1969, which utilized observed rainfall data in Finland. These design storm events are 

widely adopted for stormwater management applications in Finland. However, some un-

certainties have been identified in a study conducted by the Finnish Meteorological Ins-

titute (Saku et al., 2016). The study highlighted the limited dataset as well as the identi-

fied need for a more detailed regional examination of the frequency of heavy rainfall 

events.  

The design rainfall events were selected based on the objectives of the thesis and mo-

delling following general principles of good practice. The focus was on choosing an ob-

jective-appropriate design rainfall return period. To assess both the current flooding un-

der design conditions and flooding with more extreme conditions, return periods of 5 and 

50 years were selected. Flood risk assessment typically includes the less frequent high-

magnitude rainfall event and accordingly the 50-year return period was selected for this 

purpose. Stormwater management design typically uses more frequent rain events and 

the selection is discussed more in the next chapter covering the stormwater management 

scenarios.  

Indicative duration for accumulation time based on the area of the model (17.24 ha) can 

be estimated by calculating the time where runoff from the furthest point travels to the 

point of discharge. With longest flow path in the model (10310.25 m) and average slope 

(6.79‰), time of concentration (Tc) for the Houkanoja channel by using The Kirpich met-

hod (Texas Department of Transportation, 2019) is 160 minutes and by the ad hoc met-

hod (Texas Department of Transportation, 2019), based on the square root of drainage 

area, is 250 minutes. The simulation durations were extended by 5 hours added to the 

rain event duration to simulate the peak of the catchment response.  

To evaluate the model behavior and flooding under both short duration with high intensity 

rains and longer duration with lower intensity rains, simulations were made using design 

rain durations of 15, 30, 60, 180 and 360 minutes. With this approach the design rain 

duration that produces the most significant flooding can be examined. All used design 

rains had constant intensities. 

In addition to the design rain events, climate change was considered with adapted design 

rainfall events as the climate change will change the frequency, duration and intensity of 

rainfalls. Finnish Metereological Institute (2025) has predicted the changes for four 

greenhouse gas scenarios from averages of 28 global climate models. In the worst 

scenario the annual precipitation will increase by almost 20% by 2085. In addition Mi-

nistry of the Environment (2008) has predicted that the heaviest daily rainfall in May to 
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September will increase by an average of 10–30%. Based on these predictions, two fu-

ture scenarios were incorporated by simulating four design rain events intensified by 

20%. The simulated scenarios are presented in Table 9. 

Table 9. Design Rainfall Intensities (mm/h) for Current Scenarios 

 Design rain event duration (min) 
Return period 15 30 60 180 360 

5 42,0 30,0 18,0 9,0 6,0 

50 78,0 54,0 30,0   

Future 

     

Return period 
5 + 20% 

50,4  21,6   

Return period 
50 + 20% 

93,6  36,0   

 

Following the simulations of the current conditions, stormwater management scenarios 

were simulated, as introduced in the next chapter. 

4.8 Stormwater Management Scenarios 

The developed model was then modified to represent four different stormwater manage-

ment scenarios introduced in Table 10. The scenarios were designed to control espe-

cially more frequent flood events and to evaluate the overall impact of the management 

scenarios on flood conditions within the focus area.  

Table 10. Stormwater Management Scenarios 

Scenario Practices   

1 Increase of Solkimäenkatu by 20–60 cm, addition of a new channel along Solki-
mäenkatu and new culvert connected to Houkanoja 

2 Increase of Solkimäenkatu by 20–60 cm, addition of a new channel along Solki-
mäenkatu and new culvert connected to Houkanoja, adjustment of culvert di-
mensions  

3 Ditch maintenance: deepening and widening of cross-section of the existing 
ditch 

4 Addition of a new channel along Solkimäenkatu and new culvert connected to 
Houkanoja, adjustment of culvert dimensions, Ditch maintenance: deepening 
and widening of cross-section of the existing ditch 

  

The scenarios were selected and designed to be realistically implementable practices 

into the study area. The selection criteria were based on the quantitative control of 

stormwater as well as observed flooding along Houkanojanraitti, Solkimäenkatu and sur-

rounding properties. The focus was on solutions that can be integrated into the existing 
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stormwater management and infrastructure. In accordance with the stormwater mana-

gement principles discussed in section 2.1, the evaluated management practices were 

located at the source of stormwater generation. The aim of raising the street elevation, 

in scenarios 1 and 2, was particularly to reduce the flooding along Solkimäenkatu. The 

addition of a new channel to the east of Solkimäenkatu was aimed to reduce the flow 

volume into the Houkanoja and further reducing flooding along Solkimäenkatu and its 

surrounging areas. The extent of ditch maintenance, the selection of modified culverts 

and the elevation adjustment scale of Solkimäenkatu were designed based on the results 

of the current flood analysis.  

All stormwater management scenarios were simulated using Finnish design rain events 

whose concept was introduced previously in chapter 4.8. In Finland, there are no national 

standards for designing stormwater management or selecting design rainfall. However 

as no stormwater management system can prevent flooding with rare intense heavy 

rains (Suomen ympäristökeskus 2022), the design focuses on preventing more common 

floods. Therefore stormwater systems are designed for smaller return periods, typically 

between 2–5 years. In this study, return period of 5-year and durations between 30 mi-

nutes to 180 minutes were selected.  

In addition, the predictions for future climate future were considered by simulating one 

future scenario, which concept was introduced in chapter 4.8. The rain events used in 

the stormwater management scenarios are presented in Table 11. 

Table 11. Design Rainfall Intensities (mm/h) for Stormwater Management Scenarios 

 Design rain event duration (min) 
Return period 30 60 180 

5 30,0 18,0 9,0 

Future Scenarios    

Return period 5 + 20%  21,6  

 

Furthermore, the workflow included testing other individual changes to evaluate the 

cause-effect relationships of the structures and floods in the area. However, these were 

used only as supporting information and are not discussed in detail or presented in the 

results.  
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5. RESULTS AND DISCUSSION 

This chapter presents the results of the computed simulations, including an evaluation 

of model accuracy and reliability. In addition, the current state of the study area and the 

effectiveness of different stormwater management practices are analysed. For current 

and future scenarios, the primary objectives are to identify flood-prone areas within the 

study area and to assess the flood behaviour and related risks.   

5.1 Model Accuracy and Reliability  

The model performance was evaluated by comparing simulated flow and water depth 

values against observed data. In addition, the spatial extent of simulated flooding were 

evaluated over a broader area through comparison with stormwater map produced by 

the Finnish Environment Institute. This map is integrated into the map system in 

SCALGO.  

The SYKE map represents an estimation of flooded areas rather than a detailed simula-

tion. However, comparison at the catchment scale provided an overview of the corres-

pondance with other available estimation. Overall, the simulated water accumulation and 

flood extent show reasonably strong agreement with the reference flood map.  

Figures 6 and 7 present the observed and simulated water depth and flow values for 

event H1. The simulated water depths include initial water depth and flow values in Hou-

kanoja, which were added during post-processing.  

 

Figure 6. Observed and simulated water depths for simulation H1 
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Figure 7. Observed and Simulated Flow for Simulation H1 

 

The simulated water depths and flows for simulation H1 were relatively well on the same 

order of magnitude as the observed values. The peak magnitude and timing were well 

captured for flow, but water depth peak was slightly underestimated. The decline for both, 

flow and water levels, occurred too slowly compared to the observed decline. Therefore 

the simulated values were slightly overestimated toward the end of the simulation. 

Figures 8 and 9 present the observed and simulated flow and depth values for event H2.  

 

Figure 8. Observed and Simulated Water Depth for Simulation H2 
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Figure 9. Observed and Simulated Flow for Simulation H2 

In simulation H2 both water depth and flow are significantly underestimated. The water 

depth remains almost unchanged before the rain peak at 15:30. Likewise, the flow starts 

to increase at 16:00, but remains low.  

Observed uncertainty in the model results can be explained by several factors including 

limitations in the input data, selection of parameters and settings and the limitations in 

the model approach. The model seems to respond more accurately to heavy rain events 

than to moderate or light rain events. This observation is consistent with the known limi-

tations of Horton-based infiltration models discussed in the Chapter 3.1. Furthermore, 

the model boundaries are relatively broad, which increased uncertainty in the model de-

velopment, especially due to elevation and drainage network, as the entire model area 

was time consuming to be developed in detail. Modifications in elevation and integration 

of drainage network was seen to have major impact on the flow routes and consiquently, 

inaccurasies may introduce possibility for false or missing flow paths. In addition, the 

elevation of Houkanoja was not modified extensively and its actual cross-section may 

differ from the cross-section in the developed model, which can lead to different hydro-

logical characteristics. Supporting these observations, the elevation data has been wi-

dely recognized to be a major source for uncertainties in flood modelling (Xu et al., 2021; 

Le et al., 2026). Similar limitations in large scale drainage network integration has been 

widely identified in urban flood modelling studies. Oberauer et al. (2023) point out that 

the accuracy of dual drainage models comes at the cost of model set-up and computing 

time. Furthermore changes in simulation parameters and settings, such as resolution, 

significantly affected the water flow and depth values, indicating the sensitivity of the 

model parameters to the results.  
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Figures 10 and 11 present the flow and depth values for simulation H3 and the corres-

ponding observations.  

 

Figure 10. Observed and Simulated Water Depth for Simulation H3 

 
Figure 11. Observed and Simulated Flow for Simulation H3 
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from upstream stormwater systems such as storages, drainage networks or dam struc-

tures. Thus, the urban environment may introduce challenges to the model development 

as flow control structures may be difficult to accurately represent in the model. 

Figures 12 and 13 present the water depth and flow values for the simulation H4 and the 

corresponding observations.  

 

Figure 12. Observed and Simulated Water Depth for Simulation H4 

 
Figure 13. Observed and simulated flow for simulation H4 
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events. 

Overall, the model performance varied between the rain events and no single setting and 

parameter set produced optimal results across all events. The validation results indicated 

that the calibrated model had better response for short and intense rainfall event but 

tended to underestimate runoff during longer and low intensity rain events. It was seen 

that the model appeared to respond better to rainfall intensities of at least 10 mm/h.   

The model performance was further evaluated with PBIAS and NSE. The PBIAS and 

NSE values are presented in Table 12. For water depths, the model met the optimal 

PBIAS in simulation H1, H3 and H4. NSE indicated good water depth estimation for H1 

and H4 simulations. For flow values, PBIAS and NSE indicated that the model has limited 

performance for light rain intensities as the flow increased only with higher intensity rain. 

Accordingly, the model is likely to perform less reliably for rainfall events with variable 

intensity. Due to the limited availability of the observed rainfall data, it was not possible 

to obtain comprehensive overview of the model’s performance under wide range of rain 

events.  

Table 12. PBIAS and NSE for Simulations H1, H2, H3 and H4  

Simulation Rain event PBIAS (%) NSE 

  Depth Flow Depth Flow 

H1 24.08.2022 -2.50 6.3 0.79 0.92 

H2 12.09.2021    -49.3 -88.4 -1.97 -2.45 

H3 23.07.2021 -5.4 -51.9 -0.38 -0.89 

H4 06.07.2022 -1.74 -42.4 0.67 -0.62 

  

Although the calibration and validation process was conducted in accordance with gene-

ral good practice, calibration and validation involve always uncertainties and limitations. 

Measured data used in calibration and validation can have uncertainties. This has been 

acknowledged by Moriasi et al. (2007), who state that although measured data always 

contain errors, these are often not considered in the modelling process. One aspect is 

the locality of rainfalls, which can cause the actual rainfall differing from the rainfall used 

in the simulations. The distance of the rain observation station from the calibrated point 

was approximately 8 kilometers. Other uncertainties in the measurement data are related 

to the measurement devices, device use and calibration.  

Regarding measurement data, one key limitation identified in this thesis was its limited 

availability. In addition, computational constraints limited the number of simulations per-

formed during calibration, leading to the possibility that the parameter set is not the most 

optimal even after the calibration. Both limited availability of data (Zotou et al., 2025; Guo 
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et al., 2020; Moriasi et al., 2007) and computational limitations (Zotou et al., 2025) has 

been acknowledged widely. Furthermore, the calibration and validation was conducted 

using data from one location and it should be noted that calibration at one point does not 

guarantee that the model performs correctly at all locations or with different rain events.  

Furthermore, the initial conditions of rainfall events differ depending on the season and 

previous rainfalls. Soil saturation level and infiltration may vary significantly between rain 

events and therefore the calibrated Horton parameters do not correctly represent all pos-

sible conditions as discussed in the Chapter 4.3.  

Due to these factors the modified and calibrated stormwater model is an estimate and 

does not fully reflect the actual situation.  

5.2 Assessment of Current and Future Flood Risks 

 

This section presents the simulated flood model of the study area under current conditi-

ons, based on design rainfall events and selected future scenarios. The key problem 

areas were identified and analysed within the modelspace based on all simulated events. 

From the hydrodynamic model, the results of flux (flow rate per unit width), velocity and 

water depth within the modeled area were analysed. In addition, the obtained results 

included maximum values of these parameters, which represented the peak situation of 

each parameter during the simulated rain event. The modeled area and focus area are 

presented in Figure 14. The size of the modeled area was 17.24 km2.  

 

Figure 14. Model boundaries and the focus area (Created using Scalgo Live. Data 
sources: MML, OpenStreetMap) 
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The current flood situation was examined based on the progression of the entire flood 

event and the maximum water depths. Minimum water depth threshold of 10 mm was 

applied to the flood analysis to exclude insignificant surface wetting and small uncertain-

ties allowing clearer identification of flooded areas. The simulations started from dry initial 

conditions and therefore did not include the potential baseflow in the Houkanoja. The 

baseflow was expected to increase the flow and water depths consistently in the modeled 

area and with the rain events so that the scenarios could be analysed and compared.  

Figure 15 presents the maximum water depths during 15-minute design rain event with 

return period of 5- and 50-year.  

 
 

Figure 15. Simulated maximal flooding during 15-minute rain events for 5- and 50-
year return periods (Created using Scalgo Live. Data sources: MML, OpenStreetMap) 

Among all design rains events, the major flooded areas and flow paths were similar, 

however the magnitude and duration varied greatly. The flood results indicated that wit-

hin the focus area, significant flooding occurs along Houkanojanraitti and Solkimäenkatu. 

This section of the ditch together with culverts could be identified as a bottleneck along 

the Houkanoja. These results indicated that the Houkanoja floods already during the 

moderate rainfall events. Several culverts located at the Houkanoja next to Houkanojan-

ratti and Solkimäenkatu had fully utilized capacity during the water depth and flow peaks 

of the rainfall events. Based on these observations, the flooding in Houkanojanraitti and 

Solkimäenkatu is analysed more in detail below. 
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Table 13 presents the flooding at Houkanojanraitti and Solkimäenkatu. It represents the 

maximum simulated water depths occurring along the middle of the cross-section during 

the simulated rain events. Thus, it represents the worst flooding on the street surface.  

Table 13. Maximum Flooding in Houkanojanraitti and Solkimäenkatu during Design 
Rain Events (*Flooding duration refers to a period where any part of the street cross-

section remains completely flooded. ** = flooding did not end by the end of the simula-
tion) 

Design Rain 
Events 

  
Return  
period   Duration 

Water depth on 
Houkanojanraitti 
(cm) 

Flooding  
duration  

Water depth on 
Solkimäenkatu 
(cm) 

Flooding  
duration 
(min)* 

5 15 ≤ 7 0 ≤ 2 0 

5 30 ≤ 10 75 ≤ 8 290** 

5 60      ≤ 12 80 ≤ 19 305** 

5 180 ≤ 14 378** ≤ 48 385** 

5 360 ≤ 23 483** ≤ 60 520** 

50 15 ≤ 22 205 ≤ 35 299** 

50 30 ≤ 38 309** ≤ 58 310** 

50 60 ≤ 38 324** ≤ 61 327** 

 

These results show that flooding intensity increases with increasing duration and return 

period for both Solkimäenkatu and Houkanojanraitti. Longer rain events relatively con-

sistently lead to higher water depths and longer flooding durations. However, under the 

design scenarios, flooding no longer increases significantly between 30- and 60-minute 

rain events with a 50-year return period. However, during the 30-minute rainfall event 

the flood response was more rapid and flow higher. By comparing simulated rain events 

with a similar total precipitation amount, the results indicate that more intense short-du-

ration rain events produces higher water depth peaks.  

Furthermore the results indicate clear differences between flooding at Houkanojanraitti 

and Solkimäenkatu. During most of the design rain events, the water depths on Solki-

mäenkatu were consistently higher. The difference in water depths was more significant 

for longer duration rain events. On Houkanojanraitti, the maximum water depths were 

from 7 cm to 38 cm while in Solkimäenkatu the depths were from 2 cm to 61 cm. With 

four rain events, flooding at Houkanojanraitti ended by the end of the simulation, whereas 

at Solkimäenkatu, the only observed complete recession of flooding occurred during the 

15-minute rain event with a 5-year return. Flooding recession along Solkimäenkatu was 
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overall slow, and in most of the scenarios flood extent remained largerly unchanged from 

the peak levels by the end of the simulations.  

Table 14 presents the flooding at Houkanojanraitti and Solkimäenkatu during the future 

scenarios. The results show significantly increased water depth peaks and flooding du-

rations. At solkimäenkatu, water depths did increase approximately 17–95%, while at 

Houkanojanraitti the increase ranged from 29–59%. For both Solkimäenkatu and Hou-

kanojanraitti, the most significant increase was observed during the 60-minute rain event 

with a 5-year return period. The observed increase due to climate change is consistent 

with findings from other studies. Hettiarachchi et al. (2018) found flood depth increase 

ranging from 10% to 170% due to climate change and Zhou et al. (2018) found that urban 

flood volume increases nonlinearly with precipitation intensity.  

Table 14. Maximum Flooding at Houkanojanraitti and Solkimäenkatu during Future 
Scenarios (*Flooding duration refers to a period where any part of the street cross-sec-
tion remains completely flooded. ** = flooding did not end by the end of the simulation) 

Future scenarios 
  

Return  
period   Duration 

Water depth on 
Houkanojanraitti 
(cm) 

Flooding  
duration  

Water depth on 
Solkimäenkatu 
(cm) 

Flooding  
duration 
(min)* 

5  15 ≤ 9 57 ≤ 3 245 

5  60 ≤ 19 108 ≤ 37 313** 

50  15 ≤ 32 300** ≤ 52 300** 

50  60 ≤ 50 328** ≤ 71 330** 

This thesis used a future scenario that was based on design rain of constant intensity. 

However, Hettiarachchi et al. (2018) found that the temporal pattern change of rainfalls 

due to climate change increased the potential flood risk from 1% to 35%. Therefore, to 

obtain a more comprehensive understanding of potential climate change impacts, the 

analysis conducted in this thesis could be further extended by incorporating a wider ranfe 

of rainfall events including varying intensities.  

Figure 16 presents the main flow paths where water flows into Houkanoja at Houkanojan-

raitti and Solkimäenkatu. Besides the flow paths, the figure presents culvert locations in 

the Houkanojanraitti and Solkimäenkatu area. Furthermore, the simulated culvert capa-

cities are presented in Table 15. Volumes through the main flow paths could not be com-

pared reliably till each other, as the flow validation did not show clear flow increase with 

all rain events. However, the locations of flow paths are significant information for 

stormwater management, particularly in the design and placement of stormwater mana-

gement practices.  



49 
 

  

Figure 16. Main Flow Paths at Solkimäenkatu and Houkanojanraitti during 15-mi-
nute rain event and 5-year return period (Created using Scalgo Live. Data sources: 

MML, OpenStreetMap) 

Table 15. Culvert Capacities for Locations Presented in Figure 16 (x = all culvert ca-
pacities fully exceeded, / = at least one culvert is at full capacity, o = at least one in-

let/outlet is at full capacity, - = no capacity limitations reached) 

Design Rain Events Culvert location 
Return period Duration 1 2 3 4 5 6 7 

5 15 - /               -         -         o         -                    -         

5 30 - /          -         -         o         /         -         

5 60 - /         -         -         x         /         -         

5 180 - /         -         -         x        x        -         

5 360 - /         -         o         x      x      -         

50 15 - /         -         -       x         x         -         

50 30 - /         -         o         x         x         -         

50 60 - /         -         o         x         x         -         

Future Scenario 

 

5 15 - /             -         -         /     /         -         

5  60 - /         -         -         x        x         -         

50 15 - /         -         /         x            x         -         

50  60 - /         -         /         x        x         -         

Assessment of the culvert capacities during the current conditions indicated that culvert 

locations 2, 5 and 6 were the most critical bottlenecks among the culverts along Hou-

kanojanraitti and Solkimäenkatu. The capacity of the culverts at location 2 was partially 

full for all design rain events. Furthermore, two out of three culverts were fully utilized 
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and one almost full for most of the simulations. At location 5 and 6, most of the simulated 

events had all culvert capacities fully exceeded. Besides the most critical locations, lo-

cation 4 had partially full capacities during three rain events. Culvert location 1, 3 and 7 

did not reach full capacity during any rain event. In the future scenarios, five culvert lo-

cation status changed. The most noticeable change was observed at location 6, where 

status shifted from no full capacities to partial full capacities during the 15-minute design 

rain event with a 5-year return period.  

These results show that both short and long duration rain events caused major flooding 

and long recession time, especially in Solkimäenkatu. As Solkimäenkatu was identified 

as a bottleneck within the system, the evaluation and selection of stormwater manage-

ment practices in the following chapter is focused on this area.  

5.3 Stormwater Management Practices  

The four design scenarios were modified into the model using elevation tools available 

in the SCALGO user interface. In scenarios 1 and 2, the street elevation was increased 

by 50 cm. The ditch maintenance, used in scenarios 3 and 4, was illustrated by leveling 

the ditch along Solkimäenkatu over a distance of approximately 0.5 km. The ditch modi-

fications were applied only between the culverts and therefore inlet and outlet elevations 

and slopes of the culverts were not changed. The ditch maintenance represented an 

estimate of real-life implementation and did not completely correspond to a detailed ditch 

maintenance design.  

Figures 17, 18 and 19 illustrate the maximum water depth levels at Solkimäenkatu for 

current state and design scenarios 1–4 during simulated design rain events. The simu-

lated three rain events had a 5-year return period and durations of 30, 60 and 180 minu-

tes. The water level elevation changes during all three design rain durations indicated 

that scenarios 1 and 2 as well as scenarios 3 and 4, had similar impact to the flooding in 

Solkimäenkatu and its surrounding areas.  

The raising of the Solkimäenkatu, in scenarios 1 and 2, prevented the Houkanoja from 

flooding onto the Solkimäenkatu with all design rain events. The water depths on Solki-

mäenkatu, shown in the figures, is therefore the water that accumulated in the depressi-

ons of the street during the rain events. Besides eliminating the flood on Solkimäenkatu, 

the scenarios 1 and 2 did decrease the maximum water depths at Houkanoja along Sol-

kimäenkatu from 3 cm to 18 cm. The most significant decrease was at the location of the 

new culvert and from there, the level of the decrease diminished downstream.  
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Similarly, scenarios 3 and 4 had comparable impacts on the flood conditions. Although 

these scenarios did not completely eliminate the flooding, they led to faster removal of 

accumulated water from Solkimäenkatu. In addition, the scenarios did reduce the extent 

and maximum water depths along Solkimäenkatu. During scenario 3, which included 

only the ditch maintenance, the maximum water levels were decreased by approximately 

27%, 40%, 52% within the three design rain events. Scenario 4 showed sligtly greater 

effectiveness for the 30-minute rain duration, however the difference diminished with 

increasing event duration.  

Besides the Solkimäenkatu, scenarios 1 and 2 had almost no effect on floods at Hou-

kanojanraitti. The scenarios 3 and 4 did reduce the extent of the flooding as well as the 

maximum water depths at Houkanojanraitti.  

 

Figure 17. Maximum Water Depth at Solkimäenkatu During Scenarios 1–4 and Cur-
rent State (Design rain: return period of 5, duration of 30 minutes) 

Comparing the results of scenarios 3 and 4 in Figures 18 and 19, the addition of new 

channel along Solkimäenkatu seems to decrease the water level on Solkimäenkatu more 

significantly at the beginning of the flooding. The biggest difference in Houkanoja water 

levels during the scenarios 3 and 4 were approximately 10 cm. After the water levels in 

both of the ditches leveled out during the simulation, the difference was not as significant. 

The effect could be increased by deepening the added channel bottom elevation, but in 

this situation it would require modifying the downstream culverts to keep the slope of the 

channel unchanged.  

With 60 minutes duration design rain event, the water depth in Houkanoja along Solki-

mäenkatu was not changed with scenario 1 and during scenario 2, the water levels were 

decreased by approximately 2 cm. This indicates that by increasing culvert dimensions, 
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at location 6, no evident effect would be achieved. With scenarios 3 and 4, a major water 

level decrease was achieved in Houkanoja. Both scenarios decreased the maximal wa-

ter levels approximately from a range of 10 cm to 25 cm.  

 

Figure 18. Maximum Water Depth at Solkimäenkatu During Scenarios 1–4 and Cur-
rent State (Design rain: return period of 5, duration of 60 minutes) 

The results indicate that the differences between scenarios 1 and 2 and between 3 and 

4, decrease as the rain duration and total rainfall amount increases. The differences on 

maximum flooding and water levels between these scenarios were nearly non-existent 

with 180-minute rain event illustrated in Figure 19. This is seen because the added chan-

nel has reached its maximum capacity and therefore no longer contributes to the flooding 

process.  

 

Figure 19. Maximum Water Depth at Solkimäenkatu During Scenarios 1–4 and Cur-
rent State (Design rain: return period of 5, duration of 180 minutes) 
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Figure 20 illustrates the maximum water depths at Solkimäenkatu for the design rain 

adjusted by future climate factor. During scenarios 1 and 2, flooding did not occur at 

Solkimäenkatu. In scenarios 3 and 4, the maximum water depth was approximately 25 

cm, which slightly exceeded the corresponding depth observed under the current condi-

tions without the future adjustment. This suggest that climate change could potentially 

negate the reduction in maximum water depths achieved by the scenarios within appro-

ximately the next 60 years. Although the water depth reduction could be negated, the 

faster recession will still be achieved.  

 
 

Figure 20. Maximum Water Depth at Solkimäenkatu During Scenarios 1–4 and Cur-
rent State (Future adjusted design rain: return period of 5, duration of 60 minutes) 

The evaluation of the scenarios indicated that the most effective practice regarding street 

flooding is the modification of the street elevation. Elevated construction is commonly 

used and effective design practice, but the design should consider both the magnitude 

and duration of the flooding (Jha et al., 2012). The elevation modification of the Solkimä-

enkatu would not alone significantly affect to the duration of flooding at the Solkimäen-

katu or in surrounding area and thus to achieve the most overall effective results, the 

ditch maintenance, which was included in scenarios 3 and 4, could be integrated into the 

scenarios 1 or 2.  

The modifications to the culvert diameters did not seem to have a significant impact on 

the floods as the result for scenarios 1 and 2 were highly similar. This observation is 

consistent with the fact that culverts can operate under control of inlet or outlet conditi-

ons, meaning that the downstream water level may define the discharge capacity (Fede-

ral Highway Administration (FHWA), 2006). Taking this into account together with the 
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most significant identified culverts located on private areas, the modifications are not be 

seen as an effective measure for the flood management.  

Further steps in more detailed design of the suggested BMP should include assessing 

the impacts on downstream to ensure that the scenarios do not increase flood risk in 

other areas. In addition, the design should consider natural values in larger area, as the 

modifications may introduce hydrological changes to surrounding area. Moreover, site 

characteristics including ground waters, soil and land type beneath the proposed channel 

should be analysed as it affects the effectiveness like discussed in chapter 2.4. In addi-

tion, one aspect in channel design is the erosion risk. As it is known that culvert and 

channels can pose erosion risk (FHWA, 2006), the risk and require for erosion protection 

should be considered. Overall, comprehensive management should balance the current 

needs and future sustainability (Jha et al., 2012). With comprehensive design, the be-

nefits of reduced flood, improved water quality and enhanced biodiversity could be ac-

hieved.  

As discussed previously, the effectiveness of BMP may decline over time and conse-

quently monitoring and maintenance constitute critical factors in ensuring the long-term 

preformance. In addition, with regard to future performance needs, the climate change 

is not the only factor that may alter the runoff generation in the future. Another significant 

driver is land-use change (Sabut et al., 2026), which assessment was beyond the scope 

of this thesis, but could be considered in future design.  
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6. CONCLUSIONS  

The aim of this thesis was to examine urban flood modelling as a part of stormwater 

management, with a particular focus on the assessment and selection of stormwater 

management practices. To address these objectives, a 1D-2D hydrodynamic flood mo-

del was developed for the study area and further calibrated and validated. The developed 

model was then utilized for the evaluation of flood conditions and examining the effi-

ciency of selected stormwater management practices through four alternative scenarios.  

The simulated water accumulation and flood extent corresponded reasonably well with 

a flood map produced by SYKE. This indicates that the model is at least suitable for 

identifying critical flood-prone areas and for initial stormwater management planning in 

the study area. The validation results further indicated that the developed model perfor-

med more reliably under high-intensity rainfall events than under low-intensity events. 

For simulated water depths, the acceptable PBIAS was achieved for three rainfall events 

while acceptable NSE was achieved for two. However, acceptable flow performance was 

achieved only for the most intense rainfall event, while flow was clearly underestimated 

for the remaining events. Overall, these results indicate that the developed model is most 

reliable for flood risk assessment under high-intensity rainfall events, which are most 

critical for design purposes.  

Current flood conditions were then analysed using eight design rain events and four cli-

mate adjusted events. The results identified major flooding, particularly along Hou-

kanojanraitti and Solkimäenkatu. Solkimäenkatu was further identified as a critical bott-

leneck, with simulated maximum water depths ranging from 2 cm to 61 cm. To address 

the identified flooding, the model was modified to represent four stormwater manage-

ment scenarios, including combinations of street elevation increase, implementation of 

a new channel, adjustment of culvert dimensions and ditch maintenance.  

The results indicated clear differences between scenarios in terms of impact on the water 

depth levels on Solkimäenkatu as well as flood extent and duration in the surrounding 

areas. Based on the scenarios, combination of elevation increase of Solkimäekatu and 

ditch maintenance was found to be effective solution to eliminate the flooding onto Sol-

kimäenkatu as well as to shorten the flood duration and decrease water levels in the 

entire focus area. Scenario 3, which represented the ditch maintenance, decreased the 

water levels by approximately 27%, 40%, 52% within the three design rain events. Ho-

wever, simulating the climate change adjusted rain event, the maximum water depth 
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level were seen to return to the pre-scenario condition during current climate. This high-

lighted the importance of incorporating climate change into flood assessment and 

stormwater management design.  

The literature review, together with the modelling process and results, highlighted diffe-

ring objectives across urban stormwater management and demonstrated how various 

flood modelling approaches can address these objectives. Together hydrological and 

hydraulic modelling aswers questions regarding generation and routing of runoff. These 

models operate at different levels of detail and are based on varying theoretical founda-

tions, including dimensionality, steady-state versus unsteady-state assumptions, and 

continuous versus event-based formulations. Among the appraoches, hydrodynamic 

models provide the most advanced framework for simulating the temporal and spatial 

water movement by solving the fundamental equations of motion. These differences un-

derlines that modelling approaches serve different roles and purposes, ranging from fast 

preliminary flood screening to detailed design of stormwater management systems. 

The developed 1D-2D hydrodynamic model enabled a comprehensive analysis of tem-

poral flood progression and thereby allowing to have detail comparison of the stormwater 

management solutions. The bottlenecks could be identified with the time-depentent flow 

movement illustrating the water accumulation and its duration. Furthermore, unsteady 

modelling was seen as almost essential for comparing the stormwater management 

scenarios, as the flood durations were critically altered. These findings demonstrate that 

hydrodynamic model can be useful for stormwater management design, not only for the 

preliminary flood screening where simpler modelling approaches are often applied.  

Furthermore, the combined 1D culvert and 2D surface model enabled to integrate the 

stormwater drainage system into the model. Although the time consuming pre-proces-

sing of the drainage network, its inclusion was seen to significantly alter the flow paths 

and the obtained results. In addition, the integration enabled to analyse the culverts ca-

pacities and surface flooding within the same model and simulations. This gave more 

advanced understanding about bottlenecks and the reasons behind flood behaviour.  

Several limitations and uncertainties were identified within the study. The most significant 

sources were associated with the model development data. Inaccuracies in elevation 

and drainage network data were found to affect the flow paths, potentially resulting in 

incorrect or missing flow routes. Consiquently, identification and correction of flow paths-

during model development process was essential. Furthermore, simulation settings and 

parameters, such as resolution, were found to significantly affect the results. Regarding 

the calibration and validation, the most limiting aspect was the lack of comprehensive 
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and temporally variable measurement data. In Finland, high-intensity rainfall events oc-

cur infrequently, which introduced limitations in validating the model for wide range of 

rainfall events. In addition, hydrodynamic modelling was found to be relatively computa-

tionally demanding, thereby limiting the number of simulations computed.   

Based on these findings and identified limitations, several avenues for future research 

can be considered. As hydrodynamic modelling may be computationally too demanding 

for certain stormwater management applications, future research could explore practical 

approaches for combining the use of hydrodynamic models with other simpler models. 

In addition, the lack of standardized stormwater management principles in Finland can 

introduce challenges, particularly regarding the use of outdated data and methodologies. 

One aspect concerns the varying approaches for design rainfalls and the lack of estab-

lished CDS rain events or other design hyetographs with varying intensity. Furthermore, 

the results emphasize the need for established practices to address climate change in 

the design of stormwater management strategies.  
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APPENDIX A: RAINFALL EVENTS USED IN CA-
LIBRATION AND VALIDATION  

 

Simulation H1 (24.8.2022) 
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Simulation H4 (6.7.2022) 
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