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Summary 
The increasingly rapid urbanization has led to vast impervious surface areas in the urban envi-

ronment. This situation of impervious surfaces has increased the surface temperature and inter-

rupted the natural water circle, which has negatively impacted the urban environment. Human 

activities' continuous greenhouse gas emission has contributed to global climate change, which 

has caused some atmospheric abnormalities like increased precipitation, leading to environ-

mental hazards like pluvial flooding and combined sewer overflow (CSO). Several different 

stormwater control measures have been practiced and implemented to control the excess rain-

fall-runoff and help avoid overloading the drainage systems. Research has proven blue-green 

infrastructures to be efficient for managing stormwater runoff. However, the techniques for 

modeling blue-green stormwater systems have also been identified to be very complex and 

complicated due to the large number of parameters involved. This characteristic has made it 

challenging to develop simple simulation models to relate the area's physical characteristics 

where the systems are being implemented. 

Hence, this study aimed to develop a simple model with few parameters (corresponding to 

physical characteristics of the systems) for fast and reliable simulation of blue-green systems. 

The methodology used in this study was to couple "nonlinear reservoir model" to "hydraulic 

representation". This quantification and calibration were done in a simple nonlinear reservoir 

simulation model developed in this study using Excel software. Augustenborg is an area located 

in Malmö, Sweden, consisting of two main sustainable drainage systems (SuDS) implemented 

in the North and South of the neighborhood. This thesis focused on the blue-green stormwater 

systems in Northern SuDS in Auguestenborg. 

The Northern SuDS consists of seven stormwater control measures (SCMs), including swales, 

wet ponds, and a rectangular channel connected to a sewer pipe network. Each system has a 

connecting catchment, and the governing equations used in developing the nonlinear reservoir 

model are the continuity equation and flow equations. The flow equations used in this study are 

Manning's equation (for swales and rectangular channel) and a discharge equation through an 

orifice (for wet ponds). 

The nonlinear routing parameters were calibrated for each catchment connecting to a system 

after relating the physical characteristics of the catchments using Manning's equation. After 

developing the model and obtaining the calibrated parameter values, the model was tested and 

validated with measured data. The discharge flows from the model were compared to the meas-

ured discharge flows. 

The model showed a good response time to the discharge flow when validated with measured 

data. This study developed an easy-to-use physical-based model and was able to quantify non-

linear reservoir routing parameters based on the physical characteristics of the blue-green 

stormwater systems implemented in the case study. 

Keywords: Blue-green stormwater control, Nonlinear reservoir routing model, Stormwater, 

Modelling, Calibration.   
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Popular scientific summary 

Heading  
Developing an easy-to-use stormwater simulation model for green structures. 

Introduction 
Using green stormwater control structures is an excellent method in controlling accumulated 
water from rainfall to avoid flooding. However, this method is not easy to monitor because of 
too many properties involved. This study aims to develop an easier way to monitor this method 
of stormwater control.  

Main text  
The green stormwater control structures consist of several physical properties. These physical 
properties have made it complicated to develop a straightforward method that can be used to 
monitor how the stormwater is being transported through the green structures and into the drain-
age pipe network. This stormwater management method always has different types of intercon-
nected structures, and each system has different physical properties. For example, an area could 
have a green structural method of stormwater control, consisting of four different types of sys-
tems. Each structure might have three properties that make up the structure; in other words, 
there are many different physical properties to handle when monitoring stormwater discharge 
from a green structural stormwater control method, excluding the catchment properties where 
the systems are implemented.  

In the case of the study area for this study, Augustenborg, "an area located in the city of Malmö, 
Sweden," the green structural method focused on in this study area consists of seven systems. 
Each system has its physical properties and has a catchment area connecting to it. The catch-
ment areas have different parameter values defining them. This study aims to develop a possible 
way of handling these parameters and develop a simple model to be used in simulating the 
stormwater discharge through the green systems and into the drainage pipe system in the study 
area.  

The different physical properties of the seven systems in this study were included in developing 
the model and the physical properties of the catchment areas. This study was able to relate the 
properties of these catchments using a flow equation in order to determine the storage coeffi-
cient value for each catchment. Several modifications (fine-tuning) were carried out on the 
model to obtain an appropriate value to produce good model results. The results from the model 
were compared with actual results from the study area to determine the accuracy of the results 
the model produced.  

The simple developed model was able to relate the physical properties of green structural storm-
water control systems in the study area using the flow equation and other relevant equations. 
The model produced similar results to the actual flows recorded in the study area. However, 
few minor assumptions were made in this study. The model can be applied to other areas with 
similar green structures by changing the parameter values. 
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ROC               Rectangular Open Channel 

SCMs             Stormwater Control Measures  
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1 Introduction 

The global urban transformation has created large areas with impervious surfaces that have led 

to series of environmental hazards and adverse interruptions on the ecosystem's natural life 

circle. The continuous human industrial activities have led to a change in the climate globally, 

thereby increasing the intensity, frequency, and type of precipitation (Thakali et al., 2016). Ac-

cording to analysis and research, the probability of increased extreme rainfall events in this 

present century is above 85% (Thakali et al., 2016) and a probability increase of the average 

atmospheric temperature by over 1.5 oC (Jacometti, 2019). Some urban areas face high water 

levels of pluvial flooding under extreme rainfall events experienced in those areas when the 

stormwater runoff is not adequately controlled. The issue of stormwater encroachment into 

residential buildings and other infrastructures has been a great concern to the municipalities. 

Therefore, there is a need to implement proper Stormwater Control Measures (SCMs) in the 

affected areas and improve the drainage system capacity.  

Several SCMs have been implemented in most urban areas globally to help control and manage 

stormwater runoff. Some of these control measures have been referred to by many publications 

as "sustainable development systems (SuDS), best management practices (BMPs), blue-green 

infrastructure (BGI), and low impact development (LID)". These measures have proven to ef-

ficiently control stormwater and mitigate flooding (Kaykhosravi et al., 2018). This report will 

be on the BGI method of stormwater management.  

1.1 Background  

The BGI is a type of implementation referred to as a sustainable stormwater management pro-

cess (Liao et al., 2017). Blue-green stormwater systems are efficient measures to handle storm-

water and urban runoff and have proven to be effective in urban flood mitigation (Haghighataf-

shar et al., 2018). It can employ physical processes like evaporation and sedimentation, also 

biological processes like BOD-removal and storage to manage stormwater quality and quantity 

(Liao et al., 2017).  

The definition of blue-green systems by Ghofrani et al. (2017) is a connected network of dif-

ferent green components, existing natural landscapes, and open spaces that maintain ecosystem 

services simultaneously while controlling stormwater runoff. Some listed examples can be a 

constructed retention or detention ponds, wetlands, green roofs, swales and bioswales, and built 

vegetative canals of different types (Shukri, 2010).  

The blue-green stormwater system has been an efficient application to control stormwater 

flooding and downstream water pollution in urban areas (Berndtsson et al., 2019). However, 

the complexity of these structures has made it difficult to evaluate the hydraulic performance 

of such systems that is essential to consider assessing future proposed projects (Shukri, 2010).  

Several analytical simulations and optimal models have been developed for reservoir systems 

analysis in the past decades (Ko et al., 1992; Kim et al., 2018). According to Beven (2012), 

hydrology models were mainly created due to the impediment to hydrological measurement 

methodologies. Different developed models can either establish a numerical derivation or pro-

vide a futuristic prediction (Beven, 2012). Beven (2012) and Adeloye et al. (2015) explained 

rainfall-runoff simulation models based on the three different categories of hydrological 
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application, which are the perceptual "black box" application, conceptual application, and phys-

ical-based application.  

These model development methods have different implementation approaches. The analytical 

or perceptual application is based on assumptions using the environmental conditions without 

referring to the physical characteristics controlling the runoff (Adeloye et al., 2015). The con-

ceptual models are dependent on storage elements in the catchment with a straightforward mass 

balance equation (Beven, 2012). The physical-based model represents the physical character-

istics of the hydrological environment using mathematical equations or numerical code (Beven, 

2012; Sitterson et al., 2018; Adeloye et al., 2015). Unlike other runoff model categories, the 

physical-based model is more complex and complicated due to a large number of parameters, 

variables, and calibration it encompasses (Sitterson et al., 2018; Kolmar et al., 2019). 

A nonlinear reservoir is a suitable approach to runoff modeling, where the primary parameters 

can be related to more realistic characteristics of a blue-green stormwater system in a process-

based manner (Larson, n.d). Unlike the linear reservoir model, the systems respond to a 

straightforward model with one routing parameter (Wittenberg, 1994). The nonlinear reservoir 

model is not as specific as a linear reservoir as it is primarily based on a realistic hydrological 

environment with more than one routing parameter (Wittenberg, 1994). 

The physical-based application is ideal for developing a nonlinear reservoir routing model to 

simulate runoff through a blue-green stormwater system, regardless of its complexity and com-

plicated parameter values.  They have been few successfully developed physical-based model. 

However, according to Adeloye et al. (2015), there are very few implementations of the physi-

cal-based model in hydrological practices, and they are mostly narrowed down to smaller areas.  

The following physical-based model has been implemented in a blue-green stormwater system 

successfully. The MIKE URBAN applied in the Augustenborg catchment for hydraulic mod-

eling (Shukri, 2010), the US EPA stormwater management model (SWMM) used for flood 

mitigation modeling of blue-green stormwater system in Augustenborg (Haghighatafshar, 

2019), the MOUSE and MIKE SHE model used in hydrological modeling of green urban drain-

age system (Broekhuizen, 2021). These models can be regarded as advanced physical-based 

models.  

In this study, an easy-to-use stormwater simulation model will be developed for fast and genu-

ine simulation. The calibration of nonlinear reservoir routing parameters will be done in the 

model. The simulation of stormwater runoff will be performed in SCMs using a catchment in 

Augustenborg, Malmö, Sweden, as an application study area. The study area consists of two 

main sustainable drainage systems (SuDS) constructed in the Southern and Northern regions of 

the neighborhood. A general description of the Southern SuDS was given in this report while 

the project focused on the Northern SuDS in Augustenborg. Having a clear insight into the case 

study will establish meaningful background information for the model development and vali-

dation.  

1.2 Objectives 

This study primarily aims to evaluate the possibility to quantify and calibrate nonlinear reser-

voir routing parameters based on the physical characteristics of the blue-green stormwater sys-

tems implemented in the chosen study area, "Eco-city Augustenborg," an area suited in the city 

of Malmö, Sweden. The second aim is to develop an easy-to-use model based on the nonlinear 
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reservoir concept that can simulate the effects of a combination of (SCMs) to reduce and delay 

stormwater runoff.  

1.3 Study outline  

To successfully achieve the aims of this thesis, the following outlined procedures for this study 

will be accomplished: 

1.3.1 Site Study 

A comprehensive literature study was undertaken, including a visit to the study area, centering 

on providing a thorough site description of the area. The blue-green stormwater systems imple-

mented in Augustenborg were also studied to establish the contributing physical characteristics 

of developing a nonlinear reservoir physical-based model.  

1.3.2 Data collection 

The available data for this study were collected and presented in the report, and data sources 

were cited. The data used for this study includes six different rainfall events, rainfall duration, 

measured discharge flow data from the downstream of the SuDS, the catchment areas on the 

Northern SuDS in Augustenborg, and the physical discharge characteristics of the blue-green 

stormwater systems implemented in the area with the surface area of the systems. Also, relevant 

photos and satellite images from the case study are presented in this report.  

1.3.3 Model development 

This section will present the simple nonlinear reservoir routing model equations deployed in 

developing the simulation model applied in the blue-green stormwater systems in Northern 

SuDS of Augustenborg using Excel software. The parameter values were determined based on 

the physical characteristics of the SCMs and the catchment areas.  

1.3.4 Calibration, validation, and Sensitivity analysis  

After developing the model with the given data, the complete model was tested, and the results 

were validated with data. Also, a sensitivity analysis was performed on the model to evaluate 

the sensitivity of the model 

1.3.5 Limitation 

Previous research study has been carried out in the study area, primarily focusing on the hy-

draulic modeling of the blue-green stormwater systems using a more complex physical-based 

model. In other words, there are limited or no publications/research found having a similar 

study approach. However, there have been several publications on different stormwater man-

agement approaches, hydraulic conductivity, open channel systems, etc. The limited research 

or publication on this topic has limited the references used in this study.  
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2 Methodology 
This section of the report describes the step-by-step method adopted to develop the simulation 

model for the blue-green stormwater systems in Northern SuDS of the Eco-city Augustenborg. 

The methodology is based on some hydraulic approximations, which have led to some devel-

oped equations using a nonlinear reservoir model and outlet characteristics. A proper descrip-

tion of the Eco-city Augustenborg and schematization of the Northern SuDS was presented.  

The model was created to determine the possibility of describing the hydraulic interaction be-

tween the SCMs in a relatively simple way. The Northern SuDS in Augustenborg consists of 

seven blue-green stormwater systems connected systematically to a sewer pipe network. Each 

SCM has a catchment area connecting directly to it. The blue-green stormwater systems imple-

mented in the Northern SuDS of the Eco-City Augustenborg include two swales, four wet 

ponds, and one rectangular channel.  

The two main governing equations used in calculating and developing the simulation model are 

the continuity equation and the flow equations. These two equations were used to simulate the 

runoff from the catchment areas into their connected stormwater control systems and monitor 

the hydraulic performance in the blue-green stormwater systems.   

2.1 Catchment areas  

Each SCM has a catchment area connecting directly to it (see Table 1 for the different measured 

catchment areas for each SCM implemented in the study area). The arrangement in Table 1 is 

placed according to how the SCMs are implemented in the study area. 

 Table 1. SCMs in the study area in Augustenborg with the catchment area connected to each 

SCM (Haghighatafshar et al., 2018). 

 

SCMs Catchment area (𝒎𝟐) 

Swale I 2780 

Wet pond I 3920 

Wet pond II 1120 

Wet pond III 1620 

Swale II 3400 

Rectangular channel 2100 

Wet pond IV 3500 

 

In simulating the runoff from the catchment area to the systems, the continuity equation was 

used as governing equation which can be expressed as,  𝑑𝑆𝑑𝑡 =  𝑄𝑖𝑛 −  𝑄𝑟                                                                                                                             (𝐸𝑞 1) 

Where 𝑑𝑆 is the change in catchment storage over time, 𝑄𝑖𝑛 is the input flow of rainfall on the 

catchment area (𝑚3/𝑚𝑖𝑛), and  𝑄𝑟 is the total runoff flow from the catchment area (𝑚3/𝑚𝑖𝑛). 

The input flow of the rainfall into the catchment areas is given as, 
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 𝑄𝑖𝑛 = 𝐼𝜑𝐴                                                                                                                               (𝐸𝑞 2) 

Where 𝐼 is the rainfall intensity (𝑚/𝑚𝑖𝑛), 𝜑 is the runoff coefficient of the catchment area 

which is used as 1 (unitless) (since the catchment area is mostly asphalt surface), and 𝐴 repre-

sents the area of the catchment (𝑚2). The systems respond to the runoff from the catchment 

area as a nonlinear reservoir and can be represented as, 𝑄𝑟 = 𝑐𝑆𝑏                                                                                                                                   (𝐸𝑞 3) 

Where 𝑐 is the storage coefficient (𝑚𝑖𝑛−1) and 𝑏 is the nonlinear coefficient (unitless), 𝑆 is the 

storage volume (𝑚3). In a situation where 𝑏 =  1, the systems will respond to the runoff from 

the catchment as a linear reservoir (Larson, n.d). The continuity equation can further be ex-

pressed as, 𝑑𝑆𝑑𝑡 = 𝐼𝜑𝐴 − 𝑐𝑆𝑏                                                                                                                    (𝐸𝑞 4) 

The Manning's equation was used as the flow equation to calculate the value of the nonlinear 

reservior routing parameter, 𝑐. The Manning's equation was used in relating the physical cha-

racteristics of the catchment, and can be expressed as,  

         𝑐 = 1𝑛 √𝑆𝑜𝐴𝑐2 3⁄  𝐿       ,   𝑏 =  53                                                                                                     (𝐸𝑞 5) 

Where 𝑐 (𝑚𝑖𝑛−1), 𝑎𝑛𝑑 𝑏 (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠) are the nonlinear routing parameters, 𝑛 is the Manning's 

roughness coefficient (unitless) 𝐴𝑐  the catchment area (𝑚2), 𝐿 the flow length in (𝑚), and 𝑆𝑜the slope of the catchment.  

2.2 Stormwater Control Measures (SCMs) 

2.2.1 Swales 
In recent decades, swales have been increasingly implanted in an urban city to improve water 

quality (Gavrić et al., 2019). Swales are also implemented in urban areas to detain and delay 

the stormwater runoff, which at the same time contribute to infiltration and some biological 

processes. During the model development, the infiltration characteristics of the swale systems 

in the Northern SuDS of the study area were not considered.  

The continuity equation and Manning's equation were used as the governing equation for sim-

ulating the hydraulic behavior in the swale. The continuity equation can be expressed as, 𝑑𝑆𝑑𝑡 = (𝑄𝑟 + 𝑄𝑜,𝑝) −  𝑄𝑜,𝑠                                                                                                           (𝐸𝑞 6) 

Where, 𝑄𝑜,𝑝 (𝑚3/𝑚𝑖𝑛𝑠) is the outflow from the previous SCM connecting directly to the next 

SCM (if applicable), 𝑄𝑜,𝑠 (𝑚3/𝑚𝑖𝑛)  is the outflow leaving the swales. The swales' discharges 

were calculated using Manning's equation (Hager, 1983). Manning's equation for simulating 

the flow discharge is, 

𝑄𝑜,𝑠 =  1𝑛 𝐵ℎ𝑅23√𝑆𝑜                                                                                                                        (𝐸𝑞 7) 
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Where 𝐵ℎ is the cross-sectional area of the swale (𝑚2), 𝑅 is the hydraulic radius (𝑚), 𝑆𝑜  is the 

swale's slope, and 𝑛 is the Manning's roughness coefficient (unitless). To estimate the change 

in water level ℎ, where the volume of SCM is (𝐵 ∗ 𝐿 ∗ ℎ), Equation 6 will further be developed 

to  𝑑ℎ𝑑𝑡 =  (𝑄𝑟 + 𝑄𝑜,𝑝)𝐵𝐿 − (1 𝑛⁄  ℎ53 √𝑆𝑜𝐿 )                                                                                           (𝐸𝑞 8) 

 

Where, 𝑑ℎ is the change in water level over time, 𝐵 and 𝐿 are the width and length of the SCM (𝑚), respectively. The width, length, and slope of the SCM were estimated using SCALGO 

live.              

2.2.2 Wet pond  
Wet ponds are mainly implemented to provide additional stormwater runoff storage during 

rainfall events (Stauffer, 2012; Pereira Souza et al., 2019; and Ekwu, n.d.) and discharge the 

runoff through an outlet (mostly orifice outlet). The discharge outlet is either designed to release 

the entire detained stormwater within a period or, if implemented few centimeters above the 

bottom of the pond, discharges a certain amount of water when the stored water reaches the 

height of the outlet and retaining the rest volume of water in the pond. For the wet pond system 

in the study area, the orifice outlet has been designed few centimeters above the bottom of the 

pond.  

During simulation of change in hydraulic level for the wet pond, the runoff from the catchment 

areas connecting directly to the wet ponds was added together with the outflow from the previ-

ous SCM connecting to the wet pond. This situation is only applied when a system is connecting 

directly to another system. 

The continuity equation for simulating the change in the hydraulic volume and the discharge 

from the wet ponds can be expressed as,  𝑑𝑆𝑑𝑡 = (𝑄𝑟 + 𝑄𝑜,𝑝) − 𝑄𝑜,𝑤                                                                                                             (𝐸𝑞 9) 

Where 𝑄𝑟 (𝑚3/𝑚𝑖𝑛𝑠) is the runoff from the catchment area connected to the system, and  𝑄𝑜,𝑤 (𝑚3/𝑚𝑖𝑛𝑠) is the outflow from the wet pond through an orifice. The flow equation for 

the orifice (Wu, Burton and Schoenau, 2002) can be expressed as,  𝑄𝑜,𝑤 = 𝐶𝐷𝐴𝑜√2𝑔(ℎ − ℎ𝑜)                                                                                                        (𝐸𝑞 10) 

Where 𝐶𝐷 is discharge coefficient of the orifice 0.98 (unitless) (Larson, 2015), 𝐴𝑜 is  area of the 

orifice (𝑚2), 𝑔 is the acceleration due to gravity 35316 (𝑚/𝑚𝑖𝑛2), ℎ is the water level (𝑚), 

and ℎ𝑜 is the height of orifice from the bottom of the pond (𝑚). 

For calculating the hydraulic level in the pond, the continuity equation in Equation 9 can further 

be developed to,  

 𝑑ℎ𝑑𝑡 = (𝑄𝑟 + 𝑄𝑜,𝑝)𝐴𝑆𝐶𝑀 − 𝐶𝐷𝐴𝑂√2𝑔 (ℎ − ℎ𝑜)𝐴𝑆𝐶𝑀                                                                            (𝐸𝑞 11) 
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2.2.3 Rectangular channel 
An open channel can be an existing natural system or an artificial structure with a freeway 

surface at atmospheric pressure (Chanson, 2004). In this case of study, the channel to be simu-

lated basing on its physical characteristic is a rectangular channel.  

In the rectangular channel, the continuity equation and Manning's equation were used in simu-

lating the hydraulic movement through the channel (just as expressed with the swale). The run-

off from the catchment area connecting to the rectangular channel is added to the outflow from 

the previous SCM connecting directly to the channel. The continuity equation is expressed as, 𝑑𝑆𝑑𝑡 =  (𝑄𝑟 + 𝑄𝑜,𝑝) −  𝑄𝑜,𝑐                                                                                                         (𝐸𝑞 12) 

Where 𝑄𝑜,𝑝 (𝑚3/𝑚𝑖𝑛𝑠) is the sum of incoming outflows from upstream SCMs directly con-

nected to the rectangular channel and 𝑄𝑜,𝑐 (𝑚3/𝑚𝑖𝑛𝑠) is the outflow from the rectangular chan-

nel. The outflow from the rectangular channel and the change in water level was simulated 

using the same equations for the swales as seen in Equations 7 and 8. 

2.3  Numerical solution to governing equations 

The governing equations for simulating the hydraulic runoff from the catchment area and the 

outflow from SCMs based on its physical characteristics must be solved using an explicit nu-

merical method (Haghighatafshar, 2019) by stepping through time due to the complexity of the 

input condition in the systems. In solving numerically, the current condition in the storage in a 

new time step is a total function obtained from the previous time step. To calculate for the 

storage (𝑆) starting with a condition at 𝑆𝑜 = 0, when 𝑡 = 0, the numerical method is given as,  𝑑𝑆𝑑𝑡 =  𝑆𝑖+1 − 𝑆𝑖∆𝑡                                                                                                                           (𝐸𝑞 13) 

Putting together Equation 4 in Equation 13 and discretizing the ordinary differential equation 

in Equation 13, the numerical solution for the change in storage value at every time step will 

be,  𝑆𝑖+1 = 𝑆𝑖 + ∆𝑡(𝑄𝑖𝑛,𝑖 − 𝑐𝑆𝑖𝑏)                                                                                                    (𝐸𝑞 14) 

Where 𝑑𝑆 is change in storage volume over time, 𝑆𝑖 is the initial storage condition (𝑚3), 𝑆𝑖+1 

is the current storage condition at every time step (𝑚3), and ∆𝑡 is the time step (1 𝑚𝑖𝑛) 

The flow equation controlling the outflow through the SCMs (for a discharge through Man-

ning's equation or orifice equation) and estimating the hydraulic level in the system at every 

time step with a starting condition of ℎ = 0, when 𝑡 = 0, can be shown in as,  

For the swale and rectangular channel, discretizing Equation 8,  

ℎ𝑖+1 = ℎ𝑖 + ∆𝑡 (𝑄𝑡𝑜𝑡,𝑖𝐵𝐿 − (1 𝑛⁄  ℎ53 √𝑆𝑜𝐿 ))                                                                            (𝐸𝑞 15) 

For the wet ponds, discretizing Equation 11, 
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ℎ𝑖+1 = ℎ𝑖 + ∆𝑡𝐴𝑆𝐶𝑀 (𝑄𝑡𝑜𝑡,𝑖 − 𝐶𝐷𝐴𝑜√2𝑔(ℎ − ℎ𝑜)                                                                  (𝐸𝑞 16)   
Where, ℎ𝑖  is the initial water level (𝑚), ℎ𝑖+1 is the current water level at every time step (𝑚), 

and 𝑄𝑡𝑜𝑡,𝑖 is the total runoff into the system (𝑚3/𝑚𝑖𝑛𝑠) expressed as (𝑄𝑟 + 𝑄𝑜,𝑝) in the conti-

nuity Equation 6, 9 and 12.         
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3 Area of study: Eco-City Augustenborg 

 Urbanization today has created limited available land space, thereby making it challenging to 

implement blue-green stormwater systems inside the cities. However, blue-green stormwater 

systems are being practiced outside of the town for new developing cities, where the land is 

mostly accessible (Haghighatafshar, 2019). Regardless of the population and limited space is-

sue of implementing blue-green stormwater systems inside the city, the Eco-city Augustenborg 

is a typical example of a successful implementation of a full-scale blue-green stormwater sys-

tem (Haghighatafshar, 2019).  

Augustenborg is an urbanized area located in Malmö, southern Sweden. The neighborhood 

consists of mostly apartment buildings built in the early '50s having an area coverage of about 

32 hectares (Shukri, 2010) (see Figure 1 for the map location of Augustenborg). The Eco-city 

of Augustenborg comprise of other services like the solar energy industrial area with about 420 𝑚2 solar panel, new school buildings, and new buildings for senior residents (Malmö Stad, 

2017). According to (Malmö Stad, 2017), the eco-city Augustenborg has been one of Sweden's 

most extensive sustainable urban development.  

 

Figure 1. the outline indicated in orange color, is the map of Augustenborg and where it is 

situated in the city of Malmö, Sweden.  



12 

 

Augustenborg experienced a series of basement flood events during the '80s that led to the 

withdrawal of the inhabitants, thereby causing a decline of the neighborhood's social and eco-

nomic status (Climate-ADAPT., 2017).  

During the '90s, the city municipality developed a sustainable solution to bring Augustenborg 

to its original state, hence introducing an Eco-city of Augustenborg, funded by the Swedish 

government, MKB, a housing company in Malmö, and the Malmö municipality (Haghighataf-

shar, 2019). Most of the combined sewer systems in Augustenborg were replaced with open 

stormwater control systems during the area's renovation to detain/retain the stormwater runoff 

from the area before discharging them into the main drainage system (Shukri, 2010).  

The SCMs implemented in the Eco-city Augustenborg can be categorized as infiltration sys-

tems, storage/detention, and slow stormwater transport systems like the vegetated canals 

(Shukri, 2010). 

3.1    Description of blue-green stormwater systems in Augustenborg 

The Eco-city Augustenborg consists of two main blue-green stormwater systems, located at the 

Northern and Southern area of Augustenborg with an additional local separate pipe system, all 

having a total drainage coverage area of about 19.5 ℎ𝑎 (Haghighatafshar, 2019).  

3.1.1    Southern SuDS in Augustenborg  

The southern blue-green stormwater system in Augustenborg is vaster and has a different design 

structure of SCMs implemented in that part of Augustenborg. The drainage area for the Sothern 

SuDS is about 9.6 ℎ𝑎, and the blue-green systems were designed to suit the physical character-

istics of the area (Haghighatafshar, 2019). The pictures in Figure 2 show some of the con-

structed systems in the Southern SuDS of the Eco-city Augustenborg.  
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(A)                                                                        (B)                                           

     

(C) 

Figure 2. the types of SCM implemented in the Southern SuDS of Augustenborg. (A) A wet 

pond downstream of the Southern SuDS. (B) Temporary detention storage. (C) A creek located 

in a park of the Southern SuDS 

3.1.2    Northern SuDS in Augustenborg   

A more detailed description study was done on the Northern SuDS in Augustenborg. Unlike 

the Southern SuDS, the blue-green stormwater systems in the Northern area of the Eco-city 

have straightforward planning and implementation. The Northern SuDS has an estimated drain-

age area of 6.3 ℎ𝑎 (Haghighatafshar, 2019). The implementation of the blue-green stormwater 

in the Northern SuDS of Augustenborg comprises swales, wet ponds, and open channels (see 

Figure 3 for some pictures of the SCMs). All systems are interconnected to a sewer network 

pipe system from upstream to downstream. 
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(A)                                                                            (B) 

          

(C)                                                                         (D)  

Figure 3. types of SCM implemented in the Northern SuDS of Augustenborg. (A) A building 

with a green roof, (B) A wet pond located downstream of the Northern SuDS, (C) A rectangular 

channel, (D) A wet pond situated upstream of the Northern SuDS.  
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3.2    Rainfall measurement  

The rainfall intensity data used in this study were obtained with rainfall measuring equipment, 

a Casella CEL tipping bucket rain gauge having a resolution of 0.2 mm (Haghighatafshar, 

2019). Table 2 shows the rainfall intensity data used in the model simulation.  

Table 2. Rainfall intensity data used for this study showing the rainfall 𝐼𝐷𝐷 as the rainfall ID 

from the data source, rainfall 𝐼𝐷𝑆  as the rainfall ID in this study, the rainfall duration, and the 

rainfall peak; source of data (Haghighatafshar, Yamanee-Nolin, and Larson, 2019).   

Rainfall 𝑰𝑫𝑫 Rainfall 𝑰𝑫𝑺 Rainfall duration (𝒉) 

Rainfall peak 

 (𝒉) 

E I 4.84 0.23 

C II 2.25 0.03 

G III 15.58 11.77 

I IV 4.17 1.42 

D V 9.34 8.75 

J VI 9.17 6.58 

 

3.3    Schematization  

In schematizing the SCMs, the entire blue-green stormwater systems in the Northern SuDS of 

Augustenborg were considered. Each SCM is characterized by the catchment area connected to 

it, the surface area of the system, and the hydraulic depth (Haghighatafshar, Yamanee-Nolin, 

and Larson, 2019). Table 3 shows the characteristic of the SCMs in the Northern SuDS in Au-

gustenborg used in developing the runoff simulation model. Figure 4 shows the runoff flow 

direction from the upstream of the Northern SuDS to the downstream of the Northern SuDS in 

Augustenborg. The schematized components consist of the catchment area, two swales, four 

wet ponds, and a rectangular channel system. (see Figure 5 for the schematic drawing for the 

Northern SuDS).    
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Figure 4. The location points of the SCM in the Northern SuDS of Auguestentborg. The different 

types of SCMs are indicated in different shapes and labeled as; (Swale), (Wet pond), and (Rec-

tangular channel) in the legend. Source: Author's creation with data from Lantmäteriet. 
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Tabel 3. According to the flow pattern in Figure 4, the table shows the characteristics of the 

SCMs in the Northern SuDS of Augustenborg (Values by Haghighatafshar, et al., 2018) 

 

SCMs Storage dept 

(mm) 

Surface Area 

(m2) 

Catchment area (𝒎𝟐) 

Swale I 5 740 2780 

Wet pond I 250 90 3920 

Wet pond II 250 200 1120 

Wet pond III 250 90 1620 

Swale II 5 240 3400 

Rectangular channel  5 80 2100 

Wet pond IV 350 160 3500 

 

 

Figure 5. A view of the modeled SCM in the Northern SuDS and how they are connected serially 

to each other. CA; the runoff flow direction from the catchment area to the SCM, SW; the 

swales, WP; the wet ponds and ROC; the rectangular channel. The order of the arrow indicates 

the flow direction from the upstream to downstream.  

Figure 6 shows a conceptual view of the SCMs and the runoff flow direction from one system 

to another (Haghighatafshar, Yamanee-Nolin, and Larson, 2019). According to Figure 6, 𝑞𝑟,1, 𝑞𝑟,2, 𝑞𝑟,3 … 𝑞𝑟,𝑛 are the stormwater runoff from the catchment area into the SCM. The out-

flow from the previous SCM is added up with the catchment runoff of the next SCM.                                                                                    

 
Figure 6. A conceptual view of the SCM in the study area: inspired by (Haghighatafshar, Ya-

manee-Nolin, and Larson, 2019). 
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4 Model calibration  
In this section, the calibration for some parameter values of the Northern SuDS was carried out. 

The available measured data used for the model development were the rainfall intensity data 

with the rain duration, the catchment areas, and surface areas for the SCMs. The rest of the 

parameter values used for the simulation were either calibrated or gotten from previous research 

articles. During the model simulation process, the storage coefficients (𝑐) (𝑚𝑖𝑛𝑠−1) for the 

catchment areas, the orifice diameter and height of orifice from the bottom of the wet ponds 

were calibrated to evaluate the hydraulic response on the model using two rainfall events. After 

the calibration, the final discharged flow from the model was compared with an actual meas-

ured/observed flow discharge for accuracy purposes.  

4.1  Governing Parameters  

Before proceeding to the calibration for the parameter values, some assumptions were made 

due to limitations on available data, inefficient maintenance of the SCMs that hindered taking 

proper measurements and neglecting some secondary physical characteristics of the SCMs. The 

following assumptions made in this study are listed below. 

4.1.1 Catchment storage coefficient  

The storage coefficient for the catchment area is an essential parameter for developing the 

model. There was no set value for the storage coefficient during data collection. The storage 

coefficient was calculated using Manning's equation (see Equation 5). However, calibrating for 

the coefficient turned out to be very complicated because each system has a connecting catch-

ment (making it seven storage coefficients to be calibrated). In order to make the calibration for 

the storage coefficient less complicated and easy to handle, a constant value was assumed and 

introduced to the Manning's equation used in calculating the storage coefficient in order to con-

nect the seven different coefficients (see Equation 17). The calibration for the storage coeffi-

cients was based on the constant value.  

4.1.2 Orifice diameter  

A discharge outlet is designed on four wet ponds implemented in the Northern SuDS of Au-

gustenborg. Due to lack of maintenance of the systems (clogging of the orifice hole), an actual 

measurement for the orifice size was not obtained.  

4.1.3 Height of orifice 

The orifice outlet is designed few centimeters above the bottom of the wet ponds. The exact 

heights of the orifices in the wet ponds were not obtained due to limited knowledge of the actual 

geometric shape of the ponds. Therefore, the orifice heights were assumed based on the dept of 

the pond (Referring to Table 3). The assumed measurements were included in the calibrated 

parameters.  

4.1.4 Infiltration 

The infiltration process for the swales in the Northern SuDS was not considered when devel-

oping the model for this study. The infiltration was neglected when developing the model due 

to the trivial effects it might have on the model (Haghighatafshar, Yamanee-Nolin, and Larson, 

2019). However, infiltration can be added to the model. The process of including infiltration in 

the mode will be discussed later in the report.  
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4.2  Initially estimated values 

The first approach adopted in finding an initial value for the storage coefficients in the simula-

tion is by using Manning's equation approach to connect the physical properties of the catch-

ment as seen in Equation 5. An assumed constant value was introduced to the Manning's equa-

tion used for calculating the storage coefficient and can be expressed as,  

𝑐 = 𝑘𝑐  (1𝑛 √𝑆𝑜𝐴𝑐2 3⁄  𝐿)                                                                                                                   (𝐸𝑞 17) 

Where 𝑐 is the catchment storage coefficient (𝑚𝑖𝑛−1), 𝑘𝑐 is the assumed constant value (unit-

less) with an initial start value of 1, 𝑛 is the Manning's roughness coefficient taken as an average 

of 0.015 (unitless) since the catchment area consist of more asphalt material, 𝐴𝑐 the catchment 

area (𝑚2), 𝐿 the flow length in (𝑚), the flow length and the slope for the catchment area 𝑆𝑜 

were estimated using (SCALGO live tool), and Table 4 shows the values applied to Manning's 

equation for calculating the storage coefficient 𝑐. 

Table 4. catchment area characteristics values used in calculating the storage coefficients 

 

SCMs  Manning's 

coefficient 

Catchment 

area (𝒎𝟐) 

Flow length (𝒎) 

Slope 

(𝒎/𝒎) 

Swale 1 0.015 2780 45 0.0070 

Wet pond 1 0.015 3920 100 0.0017 

Wet pond 2 0.015 1120 30 0.0017 

Wet pond 3 0.015 1620 45 0.0015 

Swale 2 0.015 3400 50 0.0123 

Rectangular channel  0.015 2100 45 0.0118 

Wet pond 4 0.015 3500 50 0.0060 

 

 

The other estimated set values were the diameter of the orifice and the height of the orifice from 

the bottom of the wet pond. Most SCMs serving as a storage system have an outlet designed to 

either discharge the stormwater runoff entirely or discharge a certain amount of runoff when it 

reaches the outlet level. For the wet ponds implemented in the Northern SuDS of Augustenborg, 

each pond has an orifice outlet. Referring to Equation 10, the orifice equation is expressed as,  

 𝑄𝑜,𝑤 = 𝐶𝐷𝐴𝑂√2𝑔ℎ                                                                                                                    (𝐸𝑞 18) 

 

The wet ponds implemented in the study area have a round-shaped orifice design. The discharge 

coefficient (𝐶𝐷)  of 0.98 (unitless) was used when calculating the outflow through the orifice 

(Larson, 2015). The initial diameter of 0.2 m was set to calculate the orifice area, and an esti-

mated height of the orifice from the bottom of the wet pond was set at 0.2 m.  

4.3  Calibration process  

The rainfall events used for the calibration are (Rainfall ID I and III). These rainfall ID were 

chosen randomly between the short rainfall durations and the long rainfall durations (Referring 

to Table 2). The calibration process started after developing the model and simulating the 
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stormwater runoff through the entire connected SCMs in the Northern SuDS of Augustenborg 

with the initial parameter values. The final discharge flow recorded from the model was used 

to compare with the actual measured flow to quantify the governing parameters of the devel-

oped model. The total sum of squared error method was used as a measurable indicator for the 

calibration. The aims during the calibration were to minimize the total sum of squared error as 

low as possible and obtain reasonable governing parameter values.  

 

The total sum of the squared error value is the squared difference between the model discharge 

flow and the measured discharge. The purpose of this calibration is to obtain appropriate values 

for the governing parameters, storage coefficient c, orifice diameter, and height of orifice from 

the bottom of the wet pond. This calibration was done using a particular function in the Excel 

software known as Solver. The expression for finding the total sum of the squared error value 

is shown as,  

 𝑇𝑜𝑡𝑎𝑙 𝐸𝑟𝑟𝑜𝑟 = ∑(𝑄𝑇,𝑚 − 𝑄𝑇,𝑜)2                                                                                           (𝐸𝑞 19) 

 

Where 𝑄𝑇,𝑚  and 𝑄𝑇,𝑜  is the flow values at time step (t) for each time series from the modeled 

flow and the measured flow, respectively. After calculating the squared error value between the 

modeled flow and the measured flow, the calibration for the selected characteristics proceeded 

to obtain suitable parameter values that will produce a more accurate model result. For the 

storage coefficient (𝑐) values, the constant 𝑘𝑐   set value was calibrated, and different storage 

coefficients for the catchment areas were obtained based on the physical characteristic of each 

catchment. Table 5 shows the starting estimated values used for the calibration.  

 

Table 5. Calibrated parameters and their starting value used in developing the model. 

 

SCM Storage coefficient 

(c) (𝒎𝒊𝒏−𝟏) 

Orifice diameter (𝒎) 

Height of 

orifice (𝒎) 

Swale 1 0.0110 - - 

Wet pond 1 0.0056 0.2 0.2 

Wet pond 2 0.0167 0.2 0.2 

Wet pond 3 0.0167 0.2 0.2 

Swale 2 0.0056 - - 

Rectangular channel 0.0220 - - 

Wet pond 4 0.0500 0.2 0.2 
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5 Model Validation and Sensitivity analysis 

In order to certify the authenticity of the model, the developed model needs to be validated with 

measured rainfall events from the study area. The model should adequately estimate the dis-

charge flow rate when tested (Haghighatafshar, Yamanee-Nolin, and Larson, 2019). The devel-

oped model was validated in this study with four measured data using the same parameter val-

ues obtained during the calibration process. The sensitivity of the model was also analyzed by 

altering some parameter values.  

5.1 Validation process  

The rainfall events II, IV, V, and VI were used for the model validation to monitor the model's 

response on the discharge flow and certify the model authenticity if the discharge flow is being 

compared with the measured flow. The validation was done using the same calibrated parameter 

values.  

5.2  Sensitivity analysis  

A sensitivity analysis was performed to test how the model responded to the different parame-

ters used in developing the model. An OFAT (one factor at a time) method was used for the 

sensitivity analysis, which means altering one parameter value to see the effect on the result 

while keeping other parameter values at their initial state (Nolina et al., 2018). In this study, 

analyses were primarily performed on few contributing physical characteristics of the SuDS by 

altering their values by ±25% and ±50% one at a time. During the analysis, the parameters used 

were the catchment areas, the storage coefficients, and the surface areas of the SCM. The sen-

sitivity was done with the two rainfall intensity data used for the calibration (Rainfall ID I and 

III).  
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6 Results  
The results outcome from this study is presented in this section. The results presented in this 

section are obtained from the calibration, validation, and sensitivity analysis.  

6.1  Calibration results  

Table 6 shows the calibrated parameters in the SCMs, and the values obtained from the calibra-

tion for the calibration results. Two different rainfall events were used for the calibration when 

developing the model, aiming to get accurate values for the calibrated parameters to have a 

minimal sum of squared error between the modeled flow and the measured/observed flow. Fig-

ure 7 compares the final modeled discharge flow from the SCMs with the measured flow. The 

hydrograph data was obtained from the two rainfall events (Rainfall ID I and III) used for the 

calibration in this study.  

Table 6. Calibrated parameter values used in simulation the model and obtaining the modeled 

discharged flow volume. 

 

SCM Storage coefficient 

(c) (𝒎𝒊𝒏−𝟏) Orifice diame-

ter (𝒎) Height of orifice (𝒎) 
Swale 1 0.075 - - 

Wet pond 1 0.013 0.12 0.16 

Wet pond 2 0.102 0.12 0.20 

Wet pond 3 0.158 0.12 0.16 

Swale 2 0.078 - - 

Rectangular channel 0.118 - - 

Wet pond 4 0.051 0.15 0.35 

 

Table 7.  the rainfall events used in this study for calibration and validation, with the volume 

of measured and modeled discharge flow for each event. Data source (Haghighatafshar, Ya-

manee-Nolin, and Larson, 2019). 

Classification Rainfall ID Rainfall duration (𝒉) Measured 𝑽𝒐𝒖𝒕(𝒎𝟑) Modeled 𝑽𝒐𝒖𝒕(𝒎𝟑) 
Calibration  I 4.84 96.4 124.0 

Validation II 2.18 107.7 106.8 

Calibration  III 15.5 117.2 147.2 

Validation IV 4.5 258.1 282.8 

Validation V 9.7 86.2 122.0 

Validation VI 13.04 288.50 378.9 
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Figure 7. The hydrographs of the modeled versus the measured flow from the two rainfall ID I 

and III used for the calibration.  

6.2 Validation results  

The modeled and measured hydrographs for the validation rainfall events are shown in Figure 

8. During the validation, no parameter value used in the model was changed when simulating 

the model with rainfall events II, IV, V, and VI. 

 

 

Figure 8. The hydrographs presentation from the validation with rainfall events II, IV, V, and 

VI.  

6.3  Sensitivity results  

The results of the sensitivity analysis show the different effects on the model when altering the 

parameters. The parameter alterations were carried out using the OFAT method (i.e., altering 

parameters one at a time). In order to access the effects on the model by each altered parameter, 

the sum of the squared error method was used to access the sensitivity of the model from both 

rainfall events I and III. The vales of the storage coefficient c for the catchments, the catchment 

areas, and the SCM surface areas were analyzed on two different occasions. However, it is 
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essential to note that, during the sensitivity analysis, there was no further calibration done. The 

analysis was performed with the values obtained from the calibration.  The results from the 

analysis are presented as bar charts in Figures 9 and 10, showing the effects on the model. The 

charts are sum of squared error at ±0% and ±25% in Figure 9, and sum of squared error at ±0% 

and ±50% in Figure 10.  

 

 

                                                                             

Figure 9. The sensitivity analysis results, based on the sum of the squared error value at 

±0 and  ±25. After the OFAT method of altering the storage coefficient c, SCM area, and 

the catchment area. 

. 

 

 

Figure 10. The sensitivity analysis results, based on the sum of the squared error value at 

±0 and  ±50. After the OFAT method of altering the storage coefficient c, SCM area, and 

the catchment area. 
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7 Discussion  
This chapter will outline and discuss the outcome of this study, starting with developing the 

nonlinear reservoir model to the results obtained from the model.   

7.1 Data quality evaluation 

The data quality is of great importance in this study in order to develop a physically based 

model on the characteristics of the study area and the blue-green stormwater systems. The rain-

fall events data used for this study were measured from actual rain events in Augustenborg. 

They were interpolated to a one-minute duration interval to suit the time step adopted in the 

numerical solution and for easy simulation in the model.  

For the geographical data for the study area, the slope of each catchment area was obtained 

using SCALGO Live tool and was quantified as part of the physical characteristics of the study 

area. For the geometric data of the SCMs, the actual geometrical shapes for the wet ponds in 

the study area were not precisely known. However, their estimated surface area and storage 

depth data were available and used for the model development.  

7.2 Catchment area 

The runoff material type in the catchment area of Augustenborg consists mainly of asphalt, 

galvanized roofing sheets in the buildings, and grass. Therefore, an average runoff coefficient 

of the catchment was estimated based on land cover.   

7.3 Infiltration 

Among the SCMs in the Northern SuDS, two were swales. Based on the physical characteristics 

of the swales, infiltration can influence the runoff process. The infiltration can be considered as 

another means of outflow from the swale. However, the infiltration process was neglected when 

developing the model due to the trivial effect it might have on the model. The infiltration pro-

cess can be included in the model by introducing it in the continuity equation governing the 

systems as flow losses. Referring to Equation 6, the continuity equation with flow losses in-

cluded can be expressed as,  𝑑𝑆𝑑𝑡 =  (𝑄𝑟 + 𝑄𝑜,𝑝) − 𝑄𝑜,𝑠 − 𝑄𝑙                                                                                                 (𝐸𝑞 20) 

Where 𝑄𝑙 (𝑚3/𝑚𝑖𝑛) is the flow loss from the SCMs through infiltration. This loss can be in-

terpreted to the physical characteristics of the swale, connecting it to the water dept and intro-

ducing a coefficient parameter that can be determined through calibration (Larson, n.d). The 

flow equations for the loss can be used as, 

𝑄𝑙 = 𝑘ℎ = 𝑘 𝑉𝐴𝑏                                                                                                                           (𝐸𝑞 21) 

Where 𝑘 is the infiltration rate coefficient that can be calibrated in the model, 𝑉 (𝑚3) is the 

storage volume and 𝐴𝑏(𝑚2) is the bottom area of the storage.  
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7.4 Calibration 

The calibration process was the primary task and focus of this study. The rainfall events data 

used for the calibration were interpolated to 1 min rainfall intensity interval from its original 

rainfall intensity obtained from a tipping bucket with 0.2mm resolution. The interpolation was 

done due to the 1 min time step used in the numerical solution on the model. The purpose of 

calibrating with two different rain events data is to obtain more suitable values for the calibrated 

parameters. The calibrated parameter values were different for each rainfall event used during 

the calibration. An average value of the different obtained calibrated results was taken, and the 

simulation was done again to get the final modeled discharge result.  

The hydrograph for each SCM was plotted, showing the runoff from the catchments into the 

system and the outflow from each system (see Figure I-1 and I-2 in Appendix I). According to 

the hydrographs of the swales and rectangular channel presented in Appendix I, the same vol-

ume of water that flows into the systems flows out from the system. This discharge is expected 

considering that Manning's equation was applied as the flow equation in these systems. In order 

words, no water is retained in the swale and rectangular channel after the discharge period. In 

the case of wet ponds, the situation is not the same. There were a few minutes of delay for the 

wet ponds before the outflow. The delay can be related to the level of discharge outlet in the 

ponds.  

According to the hydrographs presented in Figure 7, the modeled discharge flow volume from 

both rainfall events I and III are slightly higher than the measured discharge volume (see Table 

7). This result might be expected, relating it to the exclusion of the infiltration process from the 

model. Again, the peak of modeled discharge flow is lower than that of the measured discharge. 

The reason for a low discharge peak from the model can be related to the height of the discharge 

outlet in wet ponds since the measurements were based on the storage depth of the ponds (see 

Table 3).   

7.5 Validation 

 For the validation, the model was able to show a good, responsive outcome, as seen in the 

hydrographs presented in Figure 8. Although it is not expected to obtain the same discharge 

volume or discharge peak between the model and measured flow, the model was able to forecast 

the discharge flow rate for every event used to validate the model (see Figure 8). According to 

the hydrograph in Figures 8-II and 8-IV, the model forecasted almost the same outflow time as 

the measured flow, which shows a good response time on the model. Although, for the hydro-

graphs in Figures 8-V and 8-VI, the model missed the first peak flow of the measured discharge. 

This might be that the SCMs had some volume of water retained in them from a previous rain-

fall event which might have led to a more increased peak flow because the model assumes an 

empty system (Haghighatafshar, Yamanee-Nolin, and Larson, 2019).  

7.6 Sensitivity analysis 

The sensitivity analysis in this study was performed on the following parameter values: the 

catchment area, the storage coefficient, and the surface area for the SCMs. The sum of squared 

error method used in assessing the analysis showed the different effects on the model based on 

OFAT alteration of the parameter values (see Table II-1 and II-2 in Appendix II). According 

to Figures 9 and 10, effects on the model after altering storage coefficient c for both ±25% and 

±50% level was between 0.1 𝑚3/𝑚𝑖𝑛 and 2 𝑚3/𝑚𝑖𝑛 (sum of squared error) (see Table II-1 

and II-2 in Appendix II). In order words, the effect from the storage coefficient on the model 

is trivial and could be neglected. However, altering the catchment areas and SCMs surface areas 
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for both ±25% and ±50% had more significant effect on the model. These effects, as seen in 

Figures 9 and 10 showed a considerable amount sum of squared error discharge volume, mainly 

for the -25% and -50% level of the SCM surface areas (see Table II-1 and II-2 in Appendix II). 

Although, the effect was expected due to the dependence of the amount of discharge volume 

on these parameters. 
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8 Conclusions  
After an in-depth study of the blue-green stormwater system implemented in the Eco-city Au-

gustenborg, this thesis was able to quantify a nonlinear reservoir model based on the physical 

characteristics of the study area. The nonlinear model developed in this study responded well 

during the simulation of the stormwater runoff in the SCMs. In relation to the objective of this 

study, the possibility of simulating several interconnected blue-green stormwater systems using 

a physical-based nonlinear routing model was demonstrated in this project by developing an 

easy-to-use model.  

This study created an easy-to-use model that evaluated the general hydraulic performance in 

SCMs implemented in the studied SuDS from the most upstream to the downstream of the 

interconnected systems (See Appendix III on how to use the model). The methodology adopted 

for this study related the hydraulic characteristics with the hydrologic reservoir model to mini-

mize the calibrated parameters.  

The nonlinear reservoir model was developed so that each SCM could be simulated and modi-

fied differently if needed. This model proved to be effective and showed a good responsive 

outcome during the validation. In other words, the model can be used to test other blue-green 

stormwater systems in a different case study by changing the parameter values. 

The Excel software used in developing the nonlinear reservoir model showed its suitability in 

modeling stormwater runoff in blue-green stormwater systems, as seen in this study and the 

resulting outcome. The SCMs implemented in the study area were connected serially in the 

Excel software. The software could simulate the rainfall-runoff from the catchment into the 

connecting systems from upstream to the discharge point downstream. The model achieved a 

reasonable discharge volume compared with the measured discharge volume despite the com-

plexity of relating the physical characteristic of the system in the model. The issue experienced 

with the software was the enormous amount of data sets it produced during the model's devel-

opment, making data handling challenging. However, the SCM components were modeled on 

different Excel worksheets to elevate the user-friendliness of the model structure.  
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9 Recommendation  
For future research purposes and approaches to evaluating the hydraulic behavior of the blue-

green stormwater system using a nonlinear reservoir routing model, more adequate measure-

ments of the systems should be provided, mainly on the wet ponds implemented in the Northern 

SuDS of Augustenborg. To optimize the model's performance, the discharge loss from the swale 

through infiltration should be included, and the actual measurements for the diameter and height 

of the orifice should be taken. 

Since the case study consists of two SuDS (the Northern and Southern SuDS), and this study 

focused on the Northern SuDS, it will be recommended to study the Southern SuDS of Au-

gustenborg using a similar approach.  

More sensitivity analysis is recommended to be carried out on the model since the only sensi-

tivity analysis done on the model is a case for ±25% and ±50%. Also, since this study used a 

sum of squared error method for the sensitivity analysis, it is recommended to use a different 

method to test the sensitivity of the model.  

Lastly, the rainfall events used for the study are not extreme. In other words, it will be interest-

ing to test the model with an extreme rainfall event (High intensity rainfall) to evaluate the 

model performance.  
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Appendix I 

I.1 SCMs 

Appendix I presented the hydrographs of the different SCMs that were implemented in the 

Northern SuDS of Augustenborg. Figures I-1 and I-2 show the hydrographs from rainfall event 

I and rainfall event III, respectively. These rain events were used for the calibration in this 

study. The hydrographs are presented as implemented in the study area.  

  

  

  

 
 

Figure I-1; The hydrograph for each SCM with rainfall event ID I. 
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Figure I-2; The hydrograph for each SCM with rainfall event ID III. 

 



43 

 

Appendix II 

II.1 Sensitivity analysis  

The results from the sensitivity analysis were assessed quantitatively using the sum of squared 

error equation to get the squared error value at ±0% and ±25%, and at ±0% and ±50%. Table 

II-1 and II-2 listed the squared error value from each parameter value that were altered based 

on OFAT method with rainfall event I and III respectively. 

Table II-1. Parameters altered for the sensitivity analysis and the Sum of Squared error dis-

charge volume at ±25% and ±50% from rainfall event I 

 

 

 

 

 

 

 

 

 

 

Table II-2. Parameters altered for the sensitivity analysis and the Sum of Squared error dis-

charge volume at ±25% and ±50% from rainfall event III 

 

 

 

 

 

 

 

 

 

Parameters Levels 

(%) 

Sum of squared error for 

Discharge 

(𝒎𝟑/𝐦𝐢𝐧 ) 

 -25 0.205 

Storage coefficient c +25 0.303 

 -50 0.729 

 +50 0.402 

 -25 54.756 

SCM surface area +25 16.205 

 -50 137.190 

 +50 32.560 

 -25 15.714 

Catchment area +25 16.361 

 -50 34.357 

 +50 57.366 

Parameters Levels 

(%) 

Sum of squared error for 

Discharge 

(𝒎𝟑/𝐦𝐢𝐧 ) 

 -25 1.485 

Storage coefficient c +25 1.707 

 -50 0.226 

 +50 0.820 

 -25 69.248 

SCM surface area +25 17.985 

 -50 142.877 

 +50 56.779 

 -25 14.216 

Catchment area +25 23.975 

 -50 61.058 

 +50 61.176 





45 

 

Appendix III 

III.1 How to Use the Model  

This section explains how the model developed in this study can be used and applied in any 

study area with blue-green stormwater control systems.  

The calculation equations used in developing the model are continuity equations and flow equa-

tions. All calculations and equations have been imputed into the model. In other words, no 

further calculations are required. The two flow equations used in the model are Manning’s 
equation and orifice discharge equations (a reference to chapter 2 of this study). If the model 

wants to be used for study purposes, what is needed is changing the parameter values in the 

model to new data set values to be applied to the model. However, further calibration is required 

to be carried out on the storage coefficient value for the nonlinear reservoir routing. (See section 

4.3 in chapter 4 of this study) on how the calibration process could be done using the sum of 

squared error method as a measurable indicator.  

Finally, this model has been validated with data. However, if the user needs further validation 

of the model, no further calibration is needed during the validation process. In other words, all 

parameter values in the model are to remain in their initial calibrated values during the valida-

tion.  

 



 

 

 


