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Abstract 

Urban flood models are an important tool in designing and analyzing 

municipalities drainage systems and predicting the  potential extent and depth of 

future floods. In urban areas, coupled 1D-2D flood models are particularly useful 

as they can represent the surface- and sewer system and their interactions. But it 

is common practice to simplify the sewer system by only simulating water 

exchange between both systems at manholes while neglecting the effect of grate 

inlets. To investigate the effect grate inlet representations have in flood models, 

the simulation results of different models created in the software MIKE FLOOD 

with the number of nodes and inlet sizes adjusted according to the location of 

actual grate inlets were compared. In addition, a comparison between the flood 

modeling softwares MIKE FLOOD and FLO-2D was performed, based on a case 

study in Motala.  

It was found that both MIKE FLOOD and FLO-2D can predict similar flood 

propagation and maximum water depths. The MIKE FLOOD models predicted 

larger amounts of drained water via the sewer system. This was likely caused by 

the extra water added through water level correction in the MIKE FLOOD 

models combined with numerical instabilities in the FLO-2D sewer models. 

Adjusting the number and dimensions of nodes according to actual grate inlets 

proved to have little effect on the predicted maximum surface water depths. But 

it did result in decreased drainage capacity together with less sewer inflow 

compared to the models neglecting grate inlets. The inlet representation did have 

a significant effect on predicted flood durations, with the models neglecting grate 

inlets having shorter flood durations in downstream areas and longer flood 

durations in upstream areas compared to the other models. It was also found that 

that the effect inlet node representation has on flood durations heavily depends 

on their locations with nodes located in depressions with ponding water having 

the most effect.    
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1. Introduction 
Flooding events are natural catastrophes where excessive rainfall exceeds the infiltration 

capacity of surrounding land or transport capacity of drainage systems, resulting in water 

gathering and moving across the surface. These events can cause injuries and loss of human 

lives while damaging infrastructure and private properties. Studies have predicted a worldwide 

increase in populations exposure to coastal floods in the coming decades (Jongman et al., 

2012). Rapid population growth in cities, located in flood-prone areas and low altitude 

flatlands are drivers of this increase (Güneralp et al., 2015).  

Pluvial urban floods are flooding events caused by extreme rainfalls exceeding the sewer 

systems capacity. Historically, the expansion of impervious surfaces as a result of urbanization 

increases the risk for these types of floods, as the soils infiltration capacity is decreased (Sofia et 

al., 2017). The occurrence of floods is predicted to increase in a future warmer climate, as a 

result of raised sea levels and more frequent extreme rain events (Alfieri et al., 2016). In 

Sweden, the yearly insurance damage cost due to pluvial flooding is approximately 300 million 

Swedish Krona (SEK) with a peak cost of 900 million SEK the year of 2014, due to an 

extreme rain event in Malmö (Swedish Insurance, 2019). 

The urban environments capacity to manage intense rainfalls is assessed during the 

development of urban space and design or evaluation of sewer systems. Predicting flood events 

is difficult, since different factors such as rainfall intensity, surface roughness and elevation affect 

the propagation of floods. In the case of urban pluvial flooding events, the complex structure 

of urban environments further complicates the evaluation. Computer programs are useful tools 

in these assessments. Flood modeling programs can predict the depth and distribution of 

inundated water during simulated flooding events. Parameters such as roughness values 

together with elevation data are used as input and computed numerically, using hydrodynamic 

laws and mathematical algorithms to produce models. Hydrodynamic models apply equations 

derived from well-known hydraulic principles with a basis in physics and are preferred for 

detailed flood modeling, both in 1 and 2 dimensions (1D-2D) (Teng et al., 2017) 

Coupled 1D-2D models have emerged as the industry standard for urban flood modeling. In 

these models, a 1D model representing the sewer system is coupled to a 2D surface model. 

They are capable of simulating water flow in both systems simultaneously, as well as the 

interaction between the sewer- and surface system through inlets and manholes. Several studies 

have confirmed the accuracy of coupled 1D-2D models in urban settings (Fraga et al., 2017; 

Fan et al., 2017). They are used by professionals globally and available in commercial flood 

modeling programs such as MIKE FLOOD (DHI, 2019), Info Works (Innovyze, 2019) and 

FLO-2D (FLO-2D Software, 2019). 

In stormwater sewer systems, roofs are often directly connected to the main pipeline while 

water is drained from the surface by structures with openings, such as grate inlets. Manholes are 

placed along the sewer system to be used as access points for maintenance work (Swedish 

Water & Wastewater Association, 2016). However, the drainage system is simplified in the 

current practice of urban flood modeling. Interactions between the sewer- and surface system 

are usually limited to manholes, excluding grate inlets from the models (Baronio et al., 2018).  

As mentioned in previous work, there is often a lack of information about the locations and 

dimensions of manholes and grate inlets (Bertsch et al., 2017). Adding grate inlets to the 

models is also seen as a time-consuming endeavor resulting in longer computation times 

(Baronio et al., 2018).  
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Recent studies have found that including inlets in addition to manholes can improve models 

accuracy, outperforming models relying only on manholes to simulate the interaction between 

the surface and sewer (Jang et al., 2018). Other researchers have found the drainage capacity of 

inlets to be an important factor in determing flooding in local depressions (Palla et al., 2016). 

There is continuous advancement in research developing new methods that improve the 

accuracy of coupled 1D-2D models. But the programs used in research are often adapted to 

the specific study and not available commercially, while industry professionals are restricted to 

the methods offered by the commercial flood modeling programs. However, the modeler 

decides the level of complexity of a model by choosing how manholes and inlets are 

represented. Therefore, this thesis will investigate what impact the simplification of drainage 

systems has on flood modeling results, focusing on the inlet area and the number of nodes used 

in the models. A comparison between the flood modeling programs FLO-2D and MIKE 

FLOOD is also performed to increase the knowledge of the technology currently available to 

professionals.  

2. Aim 
This thesis aims to investigate the impact that different representations of the drainage system 

have on flood modeling results. The sewer-surface interaction at manholes and inlets is the 

primary focus of the investigation, which will be carried out through a sensitivity analysis. 

Another aim of the thesis is to compare the two flood modeling programs MIKE FLOOD and 

FLO-2D. The aims will be achieved by answering the following questions: 

• How does adjusting the inlet area size and number of inlet nodes to represent grate 

inlets affect flood model results in terms of predicted flood duration, maximum water 

depth and total volumes of drained water?  

• How do the results of FLO-2D and MIKE FLOOD results compare in predicted flood 

propagation, maximum water depths and total volumes of drained water? 

3. Limitations 
The performance of the actual sewer system in the case study will not be analyzed. The study 

area is purely used to test the models. The models will not be calibrated or validated as the 

differences between the models are the focus and not the accuracy of their predictions.  
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4. Background 

4.1. The urban sewer system 
The hydrological cycle describes the movement of water in nature. Water precipitates from the 

atmosphere onto the ground surface where it is stored in soil and plants. It can either be 

evaporated back into the atmosphere or infiltrated followed by subsurface transportation until 

reaching a groundwater aquifer or water body. However, infiltration is limited in saturated 

soils, causing water to pond or flow across the surface. Urban environments are characterized 

by an abundance of impervious hard surfaces that are disrupting the hydrological cycle, 

specifically through lowering the infiltration capacity resulting in excessive amounts of surface 

runoff. Surface runoff resulting from rainfall in an urban setting is known as stormwater. 

Infrastructure to collect and transport stormwater is necessary as excessive amounts of 

stormwater can cause damage or disrupt societal functions.   

In stormwater management, the urban environment is divided into the surface- and sewer 

system. The surface system encompasses all space above ground which can interact with 

precipitated water, such as streets, roads and green spaces. Blue-green infrastructure and 

sustainable drainage systems (SUDS) such as bioswales, permeable pavements and detention 

basins can be used to gather, infiltrate or convey surface runoff. Expanded use of SUDS has 

been recommended in research (Semadeni-Davies et al., 2008). Still, underground pipe systems 

are the most common form of infrastructure to convey stormwater. The sewer system is 

divided into two main parts, the drainage- and pipe system. In Sweden, the stormwater sewer 

has been separated from the sanitary sewer since the 1950s. From the 1990s and onward, 

regulations allow stormwater from connected properties to be pumped to the surface or nearest 

grate inlet to mitigate cellar flooding when the stormwater sewer systems capacity is exceeded 

(Swedish Water & Wastewater Association, 2016). Figure 1 shows a schematic drawing of the 

described sewer design. 
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Figure 1. Design of modern sewer systems as recommended by the Swedish Water & 
Wastewater Association (SWWA). D and S represent the stormwater sewer and sanitary sewer 
respectively (Swedish Water & Wastewater Association, 2016). 

The drainage system drains surface water into the pipe system through stormwater inlets of 

different shapes. Grate inlets, as seen in Figure 2A, are a common type of inlet in Swedish 

urban areas. Generally, several inlets along a road discharge into a pipe connected to the main 

pipeline which has access chambers space out along its length. Access chambers for 

maintenance work are known as manholes. They are circular shaped chambers closed off at the 

surface by a metal lid, as displayed in Figure 2B (Swedish Water & Wastewater Association, 

2016). 

 

Figure 2. Standard shapes of grate inlets (A) and manhole lids (B) (NSVA, 2019). 
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4.2. Pluvial flooding 
In contrast to coastal- and river flooding which originates from rising water levels of a surface 

water body, pluvial flooding is caused by a lack of sewer capacity and infiltration during an 

intense rain event. Large amounts of stormwater exciding the capacity of the sewer system 

generate backwater. The backwater causes the pressure head inside the sewer to rise above the 

surface level, preventing further drainage and can cause stormwater to surcharge back to the 

surface through inlets and manholes. The water will then pond and move across the surface, 

potentially damaging properties and causing loss of human life. Although river- and coastal 

flooding usually are more extreme and harmful to humans compared to pluvial floods. Pluvial 

floods can still cause indirect harm to human life as flood events following relatively low-

intensity rainfalls have been found to cause traffic disruption due to flooded roads (Pregnolato 

et al., 2016). Traffic disruptions limit the mobility of emergency personal, which could be 

determinantal during catastrophes. Still, reducing the damage to infrastructure and private 

properties are the most common incentives for trying to prevent urban floods.  

What characterizes urban floods is that they are often formed rapidly, making them difficult to 

predict. They can occur due to problems along the sewer network such as clogged inlets, small 

pipe dimensions or damaged pipes, which decreases the capacity of the sewer system. 

However, the ultimate driver of floods is extreme rain events, which can be correlated to 

insurance damage resulting from urban floods (Grahn & Olsson, 2018). Rainfall events are 

notated as 1-year rain or 10-year rain and so forth. According to the Swedish Water & 

Wastewater Association (2016), the notation is based on the total volume of precipitated water 

during a specific duration and how statistically likely they are to occur. For example, a 10-year 

rain is of such an intensity that statistically there is a 65% probability for it to take place within 

10 years. The capacity of sewer systems must be designed according to potential future rainfalls 

that can be calculated using formulas recommended by SWWA.  

It is not economically feasible or realistic to dimension pipe system capable of managing rain 

events of higher return intervals, considering the extreme volumes of precipitated water and 

their rare occurrence (Swedish Water & Wastewater Association, 2016). SWWA recommends 

the stormwater system to be dimensioned in dense urban areas to manage a 20-year rain event 

without flooding on the surface. Stormwater control measures (SCMs) together with urban 

planning should be implemented in a manner that prevents damage to private properties during 

rain events with a return interval of up to 100-years (Swedish Water & Wastewater 

Association, 2016).  

Studies have found SCMs such as multifunctional storage basins being effective at reducing 

water volumes and peak discharge of surface runoff during floods (Semadeni-Davies et al., 

2008; De Vleeschauwer et al., 2014). However, they must be placed in strategic locations to be 

effective. In urban planning, the risk and effect of future potential flood events are assessed to 

ensure correct sewer system design and to identify weak areas where SCMs are needed. Also, 

the Swedish Civil Contingencies Agency (MSB) is responsible for creating flood hazard maps 

as a source of information when developing crisis management plans (Swedish Water & 

Wastewater Association, 2016). Several factors affect the development and propagation of 

floods. Therefore, detailed information of the study area, together with knowledge of 

hydrologic and hydraulic processes are required to make accurate assessments. Computer 

models are helpful tools often used in these investigations.    
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4.3 Flood modelling 

4.3.1 1D and 2D modelling 

Flood modeling programs have been used for decades to predict and evaluate the potential 

impact of flood events. Their accuracy and applicability have increased together with the 

development of computer technology. There are different categories of flood modeling 

programs using different algorithms and levels of complexity, such as 1D, 2D and coupled 1D 

and 2D modeling programs. Teng et al. (2017) described flood modeling programs creating 

hydrodynamic models as being the most sophisticated and accurate. In order to simulate the 

movement of water, these programs utilize different algorithms computing widely accepted 

equations based on laws of physics and hydrodynamics such as the momentum- and continuity 

equations.  

Traditionally, 1-dimensional (1D) computer models have been used to simulate flooding 

events in rivers and open channels. These models can produce accurate results in terms of 

water depth primarily when the flow paths of the water are easily determined, such as along 

river or pipe systems. They also benefit from faster computation times when compared to 

more complex 2D models. Therefore 1D models are used to simulate the sewer system in most 

of the major flood modeling programs, such as MIKE FLOOD (DHI, 2017) and Infoworks 

ICM (Innovyze, 2019). 1D models can also be used to simulate surface flow, but 1D modeling 

of 2D surfaces demands a higher skill of the modeler as flow paths must be incorporated 

manually while 2D models generate flow paths automatically from elevation data (Vojinovic & 

Tutlic, 2009; Leandro et al., 2009). 

Nowadays, 2D models are commonly used to simulate surface flow. When comparing to 1D 

models, 2D models are generally easier to set up as flow paths are automatically computed, 

resulting in more accurate estimations of water flow outside defined systems. The 2D capability 

is particularly important in complex environments where the multidirectional flow can be 

expected, such as at street junctions (Mark et al., 2004). The advancement of light detection 

and ranging (LIDAR) technology has increased the availability of high-resolution digital 

elevation models (DEM), enabling additional detail and accuracy while modeling urban 

surfaces. However, the detail comes with the drawback of increased computation times and 

costs, particularly for 2D models as they constitute large datasets (Teng, et al., 2017).  

4.3.2 Coupled 1D-2D models 

1D- and 2D modeling can be combined in order to adjust for both of their strength and 

weaknesses, creating coupled 1D-2D models. These models consist of two separate models, a 

1D model for the subsurface pipe system and a 2D model for the surface system. Combining 

the automatically generated flow paths and complex calculation schemes in the 2D surface 

model with the less computation heavy simulation of the pipe system in the 1D model. The 

models can interact with each other through coupling mechanisms, transferring water between 

the systems. Manholes and inlets capable of drainage and surcharge are usually the physical 

representation of these couplings. 

The first developed coupled models utilized uni-directional coupling, only considering one 

direction of the interaction. Where surcharged water from the sewer model generated overland 

flow in the surface model that was not able to re-enter the sewer system (Hsu et al., 2000). 

However, neglecting drainage caused the models to overestimate water depth and flood 

duration as inundated water was not being drained back into the sewer system. In contrast, bi-

directional coupled models enables surcharged water to re-enter the sewer system through 
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drainage making them more realistic (Ming-His et al., 2002). Chang et al. (2015) suggested 

that bi-directional coupling is necessary to represent urban flooding events accurately.  

The coupling is especially important in locations such as depressions where water tends to 

pond. In pure overland surface flow models, the inundated water will remain in the 

depressions while coupled 1D-2D models simulate the drainage and removal of the water 

through the sewer system (Dijk et al., 2014). The capability to simulate the interaction 

between the surface and sewer makes coupled 1D-2D models suitable for detailed pluvial flood 

assessments, and they have been used successfully in several studies (Fran et al., 2017; Adeogun 

et al., 2015; Fraga et al., 2017). Professionals often use commercial 1D-2D coupled flood 

modeling programs such as MIKE FLOOD, FLO-2 or InfoWorks ICM to analyze sewer 

systems or make flood risk assessments.  

However, there are different sources of uncertainties giving rise to errors in flood models. 

Adeogun et al. (2015) found that the choice of Manning roughness coefficients (n values) and 

the resolution of the Digital elevation map (DEM) have a large impact on the estimations of 

inundation extent and wave velocities. The DEM grid size ultimately decides the detail of the 

surface flow model, where the authors found DEM resolutions exceeding 5 meters (m) being 

too coarse to represent urban elements such as buildings and roads. Making DEMs with 

resolutions of 1-5 m preferable for urban flood models as they have become widely available 

with the advancement of LIDAR technology. Still, smaller grid resolutions cause longer 

computation times, and a compromise between accuracy and efficiency must be made 

(Adeogun et al., 2015; Néelz & Pender, 2013).  

The choice of roughness coefficients is the primary source of uncertainty in models when fine 

resolution grids are available (Hunter, et al., 2008). However, calibrating the roughness 

coefficients based on field data is difficult. Therefore the used roughness coefficient is based on 

the modeler's experience and standard values for different types of surfaces. Dottori et al. 

(2013) proposed that although detailed data such as higher DEM resolutions can produce more 

accurate results, it does not necessarily transfer into more accurate models as the small scale 

enlarges the uncertainties within the model such as choice of roughness coefficients.  

The interaction between the surface and sewer have been the focus of recent research 

concerning coupled models. Usually, different variations of the weir and orifice equations are 

used to describe the interaction between the surface and manholes. Rubinato et al. (2017) 

found the weir and orifice equation to realistically represent the water exchange between the 

surface- and sewer system by using physical scale models. However, the equations tended to 

overestimate the water flow during unsteady flow conditions. The accuracy of the results were 

dependent on the discharge coefficients used in the equations, usually calibrated and adjusted 

according to the specific geometries of the manholes and inlets. This makes the use of these 

equations highly situational and relying on the proper choice of coefficients by the modeler, 

who often uses standardized coefficient values due to lack of hydraulic knowledge or missing 

information of specific inlets and manholes geometries. However, in research, different 

coefficients have been suggested (Rubinato et al., 2017; Rubinato et al., 2018). Different 

coefficients are also recommended or hardcoded in commercial flood modeling programs 

(DHI, 2017; FLO-2D Software, 2018). 

Traditionally in 1D-2D coupled flood models, the water exchange between the sewer- and 

surface model was assumed to take place exclusively at manholes, referred to as the manhole-

surface method by Chang et al., (2018). Excluding inlets and their added drainage capacity 
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from the models was found to lead to overestimations of water depths and inundation extents 

(Jang et al., 2018; Bertsch et al., 2017). It is possible to include inlets to the model by 

connecting them to a manhole or a sewer pipeline referred to as the inlet-manhole and inlet-

sewer methods respectively (Chang et al., 2018).  

In the inlet-manhole method, the water discharged through inlets is assumed to be instantly 

transported to a manhole, where one manhole can be connected to several inlets. In the inlet-

sewer method, nodes along the main pipeline are connected to individual inlets by real 

physical representation of pipes, where water discharged through inlets is conveyed through 

pipes before reaching the sewer system. Among the three mentioned methods, Jang et al. 

(2018) found the inlet-sewer method to produce the most accurate results in terms of 

predicting flood extent and water depth. Although the inlet-manhole method produced 

comparable results, it tended to overestimate the flood extent. The authors explained that this 

error was due to the decreased simulated drainage capacity as a result of the frequent change 

between surcharging and discharging conditions at inlets. It was caused by assuming water to 

be instantaneously transferred to manholes producing drastic changes in pressure heads. While 

the inlet-sewer method mitigated this effect by considering the time it takes for the water to 

travel from the inlets to the sewer pipeline, resulting in less drastic changes of pressure heads 

along the system.  

The reviewed literature suggests that including inlets in addition to manholes in models can 

produce more accurate results. However, excluding inlets are a common practice among 

professionals due to there often being a lack of information concerning the location and 

dimension of manholes and inlets. Other reasons for excluding inlets from models are that they 

might be tedious to add and can cause longer computation times. Baronio et al. (2018) 

addressed the latter issues by developing a less time consuming and compute-intensive 

parallelization technique to simulate the inlets which produced promising results for further 

research. Bertsch et al. (2017) used GIS (Geographical information system)-generated inlet 

locations to overcome the issue of missing inlet location information. They used a basic ruleset 

in the GIS program ArcMap© to generate typical inlet placements when creating a synthetic 

sewer network. The generated inlet locations were later adjusted according to the real sewer 

network and successfully implemented in the advanced research-based program City-CAT. 

The authors found the placement of inlets to be important in predicting local floods where a 

shift of a couple of meters had a large impact on results, especially around depressions (Bertsch 

et al., 2017). 

When investigating the effects of clogged inlets in flood models, Palla et al. (2016) found 

changing drainage conditions to be a contributing factor of urban floods. They represented 

clogged inlets by decreasing the inlets drainage capacity, which caused local instances of 

inundated water in the model. In addition, Schlauß & Grottker (2016) found the drainage 

capacity and inlet area to be the most important coupling parameters affecting flood duration, 

outweighing the discharge coefficient. Although the differences in maximum water depth were 

neglectable, decreasing the drainage capacity and inlet area increased the flood duration 

significantly. 
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5. Methods 

5.1 General structure of flood models 
A 1D-2D coupled model consists of three main parts, a surface model, sewer model and 

rainfall input. MIKE FLOOD developed by DHI is a program package that integrates the 1D 

hydraulic model MOUSE with the 2D hydraulic surface model MIKE 21 HD (DHI, 2017). 

While FLO-2D developed by FLO-2D Software is a 2D surface flood routing program that 

can be coupled to a 1D sewer model created in the public domain program EPA-SWMM 

(FLO-2D Software, 2018; United States Environmental Protection Agency (EPA), 2015). 

Although specific computational schemes used in the packages differ, the general structure of 

the models is similar in both programs. Therefore, in the following chapter is a general 

description of 1D-2D coupled flood models. A more detailed description of specific equations 

used by the programs is presented in later chapters.  

5.1.1 2D overland model 

The basis for an overland 2D model is an elevation map called digital elevation model (DEM) 

which stores information about the ground surfaces elevation in different areas. The DEM 

usually consists of a raster which divides the surface into cells, with each cell having an 

elevation value. The DEM resolution describes the size of the cell, with smaller resolutions 

being a more accurate representation of the ground surface. GIS softwares such as ArcGIS © 

and QGIS © can process and modify large amounts of data and are used in conjunction with 

flood modeling programs. Usually, the DEM and other spatially varying features such as the 

sewer systems topology are customized in GIS before being imported to the flood modeling 

program. The elevation information in the DEM is later used as input when the 2D surface 

model computes flow paths and water discharge. 

In most flood modeling programs, a computational grid can be created by dividing the surface 

into cells of different shapes depending on the specific flood modeling software. Hydrodynamic 

calculations are performed for each separate cell, making the grid cell size an important factor 

in determning the flood models precision. Each grid cell is assigned different values for 

parameters such as surface roughness and infiltration coefficients, modified to represent the land 

cover type where the grid cell is located. Roughness coefficients affect how fast water is 

transported along the surface. Generally, a lower Mannings roughness coefficients (n value) 

corresponds to a smoother surface resulting in higher water velocities.  

Water can be added to the computational grid by rainfalls created in precipitation modules. 

They are usually created as time series with the intensity varying with time. The precipitated 

water, together with the mentioned grid data forms the basis for the hydrodynamic 

calculations. Computations are performed in iterations divided into time steps, updating the 

water depth, flow direction and velocity for all cells during each time step (DHI, 2017; FLO-

2D Software, 2018). 

For 2D flood models, boundary conditions must be applied at the borders of the model’s 

extent in order to simulate the interaction with surrounding surfaces that are not within the 

area being modeled. A constant inflow or outflow can be applied at the borders of the model, 

adding or removing water from the model. These can be affected by the water levels inside the 

model or be set up as time series having the inflow/outflow changing through the simulation. 

Boundary conditions applying different water depths for surrounding areas is also possible. 

Another option is to use “no flow boundaries” where water is not added or removed at the 

borders of the model. 
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5.1.2 Rain input 

In MIKE FLOOD, there are two options to load the surface and sewer model with the rainfall. 

One option is to first simulate the runoff from defined catchments and have it automatically 

load the sewer system. At this stage, the surface flow and drainage capacity are not considered, 

and the pipe systems capacity is the limiting factor. When the pipe systems capacity is 

exceeded, water will enter the surface through surcharging inlets and manholes, triggering the 

start of the 2D surface model. This option has been referred to as the Sewer flow 

model/Overland flow model (SFM/OFM) and was studied by Chang et al. (2015). The 

authors found SFM/OFM to overestimate the flooding from surcharging manholes and inlets 

in downstream catchments, as unrealistically high volumes of water is generated when the 

drainage capacity is neglected by directly loading the sewer system. 

The other option in MIKE FLOOD is called Overland flow model/Sewer flow model 

(OFM/SFM) which is the only available method in FLO-2D. In OFM/SFM, the model is 

loaded with the rainfall in the reversed order to SFM/OFM. The rainfall is applied directly 

onto the surface in the 2D model, generating surface runoff. When surface water simulated in 

the 2D-model encounters a grid cell coupled to a manhole or inlet, it will be drained into the 

pipe system triggering the 1D sewer model. This way the amount of water inside the sewer 

system is limited by the drainage capacity of the inlet and manhole structures which Chang et 

al. (2015) found to result in less overestimation of downstream flooding compared to 

SFM/OFM. However, the authors found that the OFM/SFM method did overestimate 

flooding extent in immediate sites of the precipitation due to water falling on surfaces such as 

roofs contributing to the surface runoff. In reality, the roofs can be draining directly into the 

sewer system in a more similar fashion to the SFM/OFM model.  

5.1.3 Sewer model 

A series of nodes connected by links create the sewer system in the sewer model as seen in 

Figure 3. Nodes represent structures such as manholes, junctions and basins while links 

represent pipes and channels. Geographic data such as coordinates and elevations together with 

hydraulic parameters such as roughness coefficients, cross section shapes, diameters and slopes 

are assigned for each node and link, respectively. These parameters are used for computing the 

water flow (Q) along the links. The flows calculated inside the links are used to determine the 

water level and pressure heads at the connected nodes. These are updated each time step 

depending on their values during the previous time step and accumulated flow generated from 

all the connected links during the current time step (DHI, 2017).  

 

Figure 3. Structure of the sewer model as described in the MIKE Collective System handbook 
(DHI, 2017). 
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In MIKE FLOOD, nodes represent manholes and connect the sewer- and surface models. 

Multiple surface grid cells can be conceptually connected to one node. For the coupled node, 

the modeler can select the equation used to calculate both surcharge and discharge together 

with parameters such as inlet area and discharge coefficients (DHI, 2017). The main structure 

of the coupling is similar in FLO-2D with the difference that the node can only be coupled to 

one grid cell at its location (FLO-2D Software, 2018). In both programs, the direction of the 

interacting water is dependent on the water level and pressure head at the node together with 

the water depth at the surface grid cells connected to the node. The specific coupling 

equations used in the programs are described in later sections. 

5.1.4 Model accuracy and stability 

In both the surface and sewer model, volume conservation is an important aspect to consider 

when evaluating the results of a flood model. At the end of each time step, the total volumes 

of inflow, outflow and infiltrated water is registered. The change in storage for a cell is equal to 

the total volume of inflowing water subtracted with the total volume of outflowing and 

infiltrated water. Ideally, there would not be any difference between the change in storage 

assigned in the model compared to the change in storage corresponding to the specific 

outflow, inflow and infiltration indicating that the model is accurate and stable i.e conserving 

water despite the numerical solution of the equations. In reality, rounding errors and 

approximations in the solving algorithms results in the ingoing and outgoing volumes of water 

not corresponding to the change of a cells water storage exactly. (FLO-2D Software, 2018). In 

these cases, the FLO-2D and MIKE FLOOD engines add or subtracts water to the specific cell 

in order to achieve volume conservation. The total amount of water added or subtracted 

determines the size of the continuity error. A model with large continuity error indicates data 

errors, numerical instabilities and/or poorly integrated system with short conduits or extreme 

slopes in the models (FLO-2D Software, 2018). 

The time step has a significant effect on the general stability and accuracy of a model. Smaller 

time steps mean more iterations, which in general results in more stable and accurate results. 

However, this also results in longer simulation runtimes. Generally, smaller time steps must be 

used for more complex models with higher resolutions (FLO-2D Software, 2019). 

5.2 Mathematical theory 

5.2.1 Hydrodynamic calculations in 1D models  

MIKE and FLO-2D use the Shallow Water equations to describe water movement in both 1D 

and 2D. These differential equations are derived from the Naiver Stokes equations which 

describe general fluid movement in 3 dimensions. The computation of 1D flow in the sewer 

system is based on the simplified version of the 2D Shallow Water equation, known as the St 

Venant equations, which are described as follows in equation 1-2 (Néelz & Pender, 2009). 

𝜕𝑄

𝜕𝑥
+

𝜕𝐴

𝜕𝑡
= 0 (1) 
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𝐴

𝜕𝑄

𝜕𝑡
+

1

𝐴

𝜕

𝜕𝑥
(

𝑄2

𝐴
) +

𝑔𝜕ℎ

𝜕𝑥
− 𝑔(𝑆0 − 𝑆𝑓) = 0 (2) 

(1) is the continuity equation and (2) is referred to as the momentum conservation equation 

(where 𝑄 is the flow determined from the average velocity across the cross section (m³/s)), 𝐴 is 
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the surface area of the cross-section (m2), 𝑥 is the horizontal distance along the pipe/channel 

(m), 𝑡 is the time (s), ℎ is the flow depth (m), 𝑆0 is the bed slope (-), 𝑆𝑓  is the slope of the 

energy line and 𝑔 is the gravitational acceleration (m/s2).  

There are several assumptions in place when formulating the St Venant equations, such as: 

• Flow is one dimensional 

• The streamline curvature is small  

• Hydrostatic pressure prevails where vertical acceleration is negligible 

• The channels bottom slopes are small 

• The fluid is incompressible 

5.2.2 Hydrodynamic calculations in 2D models 

The programs computation of the surface flow is based the 2D Shallow Water equations. The 

equation is derived through simplifying the 3D Navier Stokes equations by assuming a shallow 

water depth. The small water depth in comparison to the length and width of the water 

renders a 2-dimensional representation of the water movement. They use the conservation of 

mass and momentum equations similar to the St Venants equations but accounts for two 

dimensions, i.e. x- and y-direction which are perpendicular to each other in the horizontal 

plane, resulting in equations 3-5 (Teng et al., 2017):      

𝜕ℎ

𝜕𝑡
+

𝜕(ℎ𝑢)

𝜕𝑥
+

𝜕(ℎ𝑣)

𝜕𝑦
= 0 (3) 
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𝜕(ℎ𝑣)

𝜕𝑡
+

𝜕(ℎ𝑢𝑣)

𝜕𝑥
+

𝜕

𝜕𝑦
(ℎ𝑣2 +

1

2
𝑔ℎ2) = 0 (5) 

  

(3) is the conservation of mass equations in two dimensions while (4) and (5) are the 

momentum conservation equations in the x- and y-direction. Where ℎ is the average water 

depth for the grid cell (m), 𝑢 is the velocity in the x-direction (m/s), 𝑣 is the velocity in the y-

direction (m/s) 

The Shallow Water equations are based on the following assumptions:  

• Fluid is incompressible 

• The horizontal velocity is much greater than the vertical velocity, rendering vertical 

acceleration negligible. 

• Hydrostatic pressure prevails 

Both the St Vernant equation and Shallow Water equations are partial differential equations 

and can only under few circumstances be solved analytically. In both MIKE FLOOD and 

FLO-2D, different simplifications and techniques are used to solve the equations numerically, 
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and a more detailed description of the solving method can be found in their respective manuals 

(DHI, 2017; FLO-2D Software, 2018) 

5.3.3 1D-2D coupling 

In MIKE FLOOD and FLO-2D, water can be transferred in both directions between the 

surface and sewer model depending on the relation between the surface water level (Hg) and 

manhole water level (Hs) (the pressure head inside the sewer). The drainage conditions can be 

divided into two cases, A and B as seen in Figure 4. Case A is often taken place at the start of a 

rain event when Hs is less than Hg. Then water will be discharged from the surface to the sewer 

model, as there is surface runoff but still capacity left in the sewer system. While in the case of 

B, the capacity of the sewer is exceeded, and Hs reaches above Hg. Then water will surcharge 

from the sewer system onto the surface. The two cases are applied in both programs (DHI, 

2017; FLO-2D Software, 2018).  

 

Figure 4. The different drainage situations depending on the relation between the surface 
water level (Hg) and manhole water level (Hs). 

5.3.4 Coupling equations 

In flood modeling, it is common practice to use different variations of the weir and orifice 

equation to compute the amount of water being transferred at nodes. Below follows a 

description of the weir and orifice equations used for both programs.  

5.3.4.1 Coupling equations in MIKE FLOOD 

In MIKE FLOOD the water discharged or surcharged at nodes can be computed with either 

the orifice or weir equation, selected by the modeler at each specific node. Below follows the 

weir formulas applied in MIKE FLOOD, the free weir formula (equation 6) when the sewer 

water levels are beneath the ground level and the submerged weir formula (equation 7) in cases 

where the sewer level exceeds the ground level (DHI, 2017). 

𝑄𝑈𝑀21 = 𝐶(𝐻𝑠 − 𝐻𝑔)𝑊𝑐𝑟𝑒𝑠𝑡√ 2𝑔|𝐻𝑠 − 𝐻𝑔| (6)  

𝑄𝑈𝑀21 = 𝐶(𝐻𝑠 − 𝐻𝑔)𝑊𝑐𝑟𝑒𝑠𝑡√2𝑔|𝐻𝑠 − 𝐻𝑔| (
|𝐻𝑠 − 𝐻𝑔|

𝑚𝑎𝑥(𝐻𝑔, 𝐻𝑠) − 𝐻
) (7) 

Where 𝑄𝑈𝑀21 is the flow from the sewer model to the surface model (m³/s), 𝐻 is the ground 

level at the coupling node (m), 𝐻𝑠  is the water level in the sewer system (m), 𝐻𝑔 is the average 

surface water level among the coupled 2D grid cells (m), 𝑊𝑐𝑟𝑒𝑠𝑡 is the crest width, typically the 
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manhole cover circumference (m), 𝐶 is the weir discharge coefficient and 𝑔 is the gravitational 

acceleration (m/s2).  

Equation 8 displays the orifice equation used in MIKE FLOOD (DHI, 2017) 

𝑄𝑈𝑀21  = 𝑠𝑔𝑛(𝐻𝑠 − 𝐻𝑔)𝐶𝐷𝑀𝑖𝑛(𝐴𝑚, 𝐴𝐼)√2𝑔|𝐻𝑠 − 𝐻𝑔| (8) 

Where 𝑄𝑈𝑀21 is the flow from the sewer model to surface model (m³/s), 𝐻𝑠  is the water level 

in the sewer system (m), 𝐻𝑔 is the average surface water level among the coupled 2D grid cells 

(m), 𝐶𝐷 is the orifice discharge coefficient, 𝐴𝑚 is the cross-sectional area of the manhole (m2) 

and 𝐴𝐼 is user-specified inlet area. The smaller area of the manhole and inlet area is used in the 

computations. In MIKE FLOOD the modeler can set a maximum flow which functions as an 

upper limit value for the discharge or surcharge at an inlet or manhole, and if exceeded will 

replace the calculated flow in equations 6-8 (DHI, 2017). 

5.1.3.4.2 Coupling equations in FLO-2D 

In FLO-2D, different equations are used to calculate the discharge and surcharge at nodes, 

depending on their types, such as manholes, grate- or curb inlets. However, below follows the 

equations used for nodes defined as grate inlets or manholes. Both the weir- and orifice 

equation are used for these types of nodes. For grate inlets placed at slopes along roads, the 

weir equation is defined in equation 9, adapted from (FLO-2D Software, 2018): 

𝑄𝑤 = 𝐶𝑃𝐻𝑔
𝑚 (9) 

Where: 𝑄𝑤 is the flow from the surface to the sewer (m³/s), 𝐻𝑔 is the water level at the cell 

(m), 𝑃 is the inlet perimeter (m), 𝐶 is the weir coefficient chosen by the modeler and 𝑚 is the 
horizontal weir coefficient with a hardcoded value of 1.5. 
 

In contrast to the orifice equation used in MIKE FLOOD, the orifice equation applied in 

FLO-2D does not account for the sewer pressure head. The orifice equation is defined in 

equation 10, adapted from (FLO-2D Software, 2018), for:  

𝑄𝑜 =  𝐶𝑑𝐴√2𝑔(𝐻𝑔) (10) 

Where 𝑄𝑜 is the discharge from the surface to the sewer (m³/s), 𝐻𝑔 is the water level at the cell 

(m), 𝐴 is the cross-sectional area of the inlet (m2), 𝐶𝑑 is the discharge coefficient with a 

hardcoded value of 0.67 and 𝑔 is the gravitational acceleration (m/s2). For each time step, the 

weir and orifice equations are being used to calculate two separate discharge values at a node. 
With the smaller value of the two being used for the specific time step.    

5.2 Setup of the models 

5.2.1 Model description 

Two different types of models were created. The models used to compare MIKE FLOOD to 

FLO-2D, are referred to as the comparison models. The goal was to set up the models with 

parameters making the results as comparable as possible, using a 10-, 20- and 100-year rainfall 

input. The other type of models were only created in MIKE FLOOD and used to perform the 

sensitivity analysis of grate inlet representation, referred to as the sensitivity analysis models. 

These consists of six models representing different grate inlet representation scenarios, with a 

100-year rain event as rainfall input to all of them. The general model structure in the 
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comparison- and sensitivity analysis models were the same. Therefore, the setup described in 

the following chapter can be assumed to be the same for all models if nothing else is stated.  

5.2.2 Case study 

The case study is located in the municipality of Motala, specifically in a low-lying area called 

Vintergatan. During 2014, intense rainfall caused flooded surfaces and basements in the area. In 

2018, the engineering consultancy company Sweco created a coupled 1D-2D model of 

Vintergatan in MIKE FLOOD with the resolution of 4 m, to assess the sewer systems capacity 

and suggest flood preventive measures. The municipality of Motala supplied a 2x2 m DEM of 

the study area which Sweco used to create the model for the assessment. In the DEM, 

buildings are represented as raised surfaces. The original model encompassed an area of 

approximately 20 hectares and consisted of 427 links and 425 nodes. The original modeled 

sewer network and DEM is displayed in Figure 5. For further information about the findings 

in the 2018 assessment, refer to the Sweco report (Sweco Environment AB, 2018).   

 

Figure 5. The elevation map of Vintergatan in Motala with the sewer system created in MIKE 
FLOOD for the Sweco assessment in 2018. The study area used in the comparison and 
sensitivity analysis models is inside the yellow polygon. 

The comparison and sensitivity analysis models were based on the Sweco model created in 

2018. The same sewer network and nodes together with the shapefiles provided by the 

municipality of Motala were used. However, to simplify the models and decrease the 

simulation times, a smaller section of Vintergatan was chosen as a study area, as seen in Figure 

5. The study area included the dense residential area in the northern part of Vintergatan 
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together with the industrial area in the western part. These areas were found to be susceptible 

to floods in the Sweco assessment (Sweco Environment AB, 2018).  

The study area is approximately 22 hectares and the corresponding model has 143 nodes and 

147 links. It is split into two halves by a highway with the industrial area to the west and the 

residential area to the east. The main types of land covers are buildings, roads, parking lots and 

lawns. Impervious surfaces dominate the western industrial areas, whereas pervious grass areas 

are more frequent in the residential area. The surface in all subareas is sloping towards the 

depression in the southeastern part of the study area. The main sewer pipelines are connected 

at this point to two pipes leading towards the lake outside the study area.  

5.2.3 Spatial pre-processing  

To use a smaller section of the original case study, the DEM and the computational grid had to 

be modified. The computational grid size was determined to 4x4 m2, this grid size is detailed 

enough to simulate urban features demanding less simulation time compared to more detailed 

2x2 m2 grid cells.. The original model was of the SFM/OFM type, with nodes being loaded 

by runoff from sub-catchments.  In the current study, theses sub-catchments were used to 

determine the extent of the new study area. In the MIKE handbook, a minimum distance of 

10 grid cells is recommended between areas of interest and the model boundary (DHI, 2017). 

Therefore, some segments of the study area boundary were expanded in order to give a 

minimum distance of 20 grid cells between the nodes and any given point along the boundary. 

It was achieved by using the ArcMap buffer function on the sub-catchment polygon, resulting 

in a polygon of the study area representing the model's spatial extent.  

As FLO-2D allows irregularly shaped grids, the study area polygon was directly used to 

generate a grid consisting of 4x4 m square grid cells. But only rectangular shaped grid domains 

are accepted when using the MIKE 21-classic engine in MIKE FLOOD, making it impossible 

to directly define the grid from the study area polygon. However, the same effect was achieved 

by modifying the DEM. The original DEM covering the complete area of Vintergatan was 

cropped along the study area polygon in ArcMap. The elevation values inside the extent of the 

polygon remained unchanged while all the DEM cells outside the polygon were assigned an 

elevation value of 200 m. This value was intentionally set unrealistically high to be used as 

“true land” values in MIKE FLOOD. According to the MIKE FLOOD manual, grid cells 

with a true land value do not receive rainfall and are not included in the computations, which 

ultimately excludes them from the model (DHI, 2017). In both models, the study areas 

boundary functions like an impassable wall. The adjusted DEM and sewer model is displayed 

in Figure 6.  



17 
 

 

Figure 6. The modified elevation map and sewer system used for all models. The northernmost 
outlet is named Outlet 1 and the southernmost outlet is named Outlet 2. The elevation at the 
encompassing white areas are set to 200 m and receives no rainfall. 

5.2.4 Setup of overland model 

Sweco created a shapefile of land covers for the 2018 assessment. The polygons included in the 

shapefile represent buildings, parking lots and roads. Manning n values were assigned to 

overland model’s grid cells depending on the covering land type. Areas not included in the 

polygons were assumed to be covered by grass. Table 1 displays the assigned Manning n values 

for the different land types. In FLO-2D the user must set a specific n value for shallow water 

flow for depths less than 0.06 m (FLO-2D Software, 2018). This value was set to 0.01, the 

same values as for roads.  

Table 1. Manning n values for overland flow, based on the findings of Engman (1986). 

Land covers n (s/m1/3) 

Road (smooth asphalt) 0.010 

Building roofs (smooth impervious surface) 0.011 

Parking lot (rough impervious surface) 0.015 

Average Grass 0.04 
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For the comparison models, the OFM/SFM rainfall loading method was selected where water 

is directly applied on the surface and entering the sewer system when encountering an inlet 

node. It was selected because it is the only option in FLO-2D and therefore necessary for 

creating comparable results between the programs. The OFM/SFM method was also used in 

the sensitivity analysis models due to the SFM/OFM method neglecting the drainage capacity 

of inlets. 

Initial losses can be described as water trapped in depressions or stuck in different places while 

continuous losses occur due to infiltration and evaporation (FLO-2D Software, 2018). 

Continuous losses were neglected in the models as they likely would have a low effect on the 

results, considering the relatively short simulation timespan, high rainfall intensities and large 

amounts of hard surfaces in the case study area. Also, it is difficult to estimate infiltration rates 

in heterogeneous urban soils. The initial losses were accounted for partly by the flooding depth 

in MIKE FLOOD and its equivalent in FLO-2D called depression storage, from now on 

referred to as flooding depth. This parameter determines at what water level a grid cell 

becomes “active” in the overland calculations and can share water with surrounding grid cells 

(DHI, 2017; FLO-2D Software, 2018). It was set to the MIKE FLOOD default value of 2 mm 

(DHI, 2017)  

The empirical Soil Conservation Services (SCS) runoff curve number method defined in 

equation 11 and 12 was used to estimate the initial abstraction for pervious and impervious 

surfaces, to be compared to the flooding depths. (United States Department of Agriculture, 

1986). 

𝑆 =  
1000

𝐶𝑁
− 10 (11) 

  

𝐼𝑎 = 0.2S (12) 

Where 𝑆 is the potential maximum soil moisture retention after runoff begins (mm), 𝐶𝑁 

represent the relative runoff potential for a specific land type with values ranging between 1-

100 and 𝐼𝑎 is the initial abstraction (mm). The pervious areas were assumed to be of the land 

type grass cover with good coverage (>75%), giving it a 𝐶𝑁 value of 39 according to the SCS 

handbook. While the impervious areas were given a 𝐶𝑁 value of 98. This results in a 

calculated initial abstraction of 3.1 mm and 0.04 mm for pervious- and impervious surfaces 

respectively. 

With the flooding depth set to 2 mm, it exceeded the estimated losses of 0.04 mm. 

Considering the intense rainfalls used for the models, this high value was deemed acceptable in 

order to create stable models. To account for the extra 1.1 mm of initial abstraction at pervious 

surfaces, a spatially varying rainfall was applied in MIKE FLOOD. With 1.1mm being 

subtracted for the beginning of the rain event at grid cells located in pervious areas. The same 

effect was achieved in FLO-2D by utilizing spatially varying flooding depths, where the 

flooding depth was increased to 3.1 mm at pervious surface grid cells.  
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5.2.5 Rainfall input 

Three Chicago Design Storm (CDS) hyetographs with the return period 10-, 20- and 100 

years were created, each with a duration of 60 minutes. They were created by following the 

procedure recommended by SWWA, utilizing the intensity-duration relationship described by 

Dahlström in 2006 (Dahlström, 2006; Swedish Water & Wastewater Association, 2011). The 

rainfall intensity is calculated differently before and after the time of maximum intensity which 

is determined from the skewness factor.   

Before the time of maximum intensity, equation 13 is used: 

𝑖 =
200√𝐴

3
 

(
|𝑡 − 𝑟𝑇|

𝑟
)

 (13) 

                  

 

 Equation 14 is used for the time after maximum intensity: 

𝑖 =
200√𝐴

3
 

(
|𝑡 − 𝑟𝑇|

1 − 𝑟
)

 (14) 

    

Where 𝐴 is the return period (months), 𝑟 is the skewness factor (time of maximum intensity 

divided by total duration), 𝑇 is the total rainfall duration (min), 𝑡 is the time (min) and 𝑖 is the 

rainfall intensity at time 𝑡 (l/s, ha). 

SWWA recommends this method only to be used for durations up to two hours, as it tends to 

underestimate rainfall volumes for rain events of longer durations (Swedish Water and 

Wastewater Association, 2011). A duration of one hour was chosen to create a peak of surface 

runoff with the potential to generate large amounts of ponded surface water to be drained at 

nodes. The skewness factor 0.37 was selected as recommended by Arnell in 1991 (Arnell, 

1991; Swedish Water and Wastewater Association, 2011). The calculations were performed for 

the three rainfall return intervals 10, 20 and 100 years. Table 2 and Figure 7 displays the 100-

year rainfall hyetograph that was applied in all models. The rainfall hyetographs for the two 

other return intervals can be found in Appendix A (Figure A1 and A2).  

When constructing design rainfalls for dimensioning of sewer systems, it is common practice to 

multiply the intensities in the rainfall hyetograph with a climate factor of 1.2-1.4 (Swedish 

Water and Wastewater Association, 2011). This factor accounts for the uncertainty associated 

with the expected increased intensities of future rainfalls. This climate factor was not included 

while creating the rainfall hyetographs as the aim of the models was not to design or assess the 

sewer systems capacity for future rainfalls.  
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Table 2. Rainfall input created for the models. 

Rain return interval 
(y) 

Total duration (min) Time to maximum 
intensity (min) 

Total rainfall (mm) 

10 60 25 25 

20 60 25 32 

100 60 25 55 

 

 

Figure 7. Rainfall hyetograph displaying the variation of rainfall intensities with time for a 
CDS-rainfall with the return period of 100 years. 

5.2.6 Setup of sewer model 

As a downstream boundary, two outfalls were placed in the southeastern part of the case study 

(Outlet 1 and 2), at the location where the southern part of the original pipe system was 

disconnected, as seen in Figure 6. The inner diameter of all nodes was set to 1 m in MIKE 

FLOOD, as the inner diameter has little effect on modeling results as long as it is kept within a 

reasonable range of 0.1-2 m (Blomquist et al., 2016). While the inner node diameter is not 

specified in FLO-2D. Links were assumed to be connected to bottom levels of nodes (invert 

levels). The invert levels were adjusted manually at places where data was missing or where 

negative slopes for links between nodes were found. Most of the pipes at Vintergatan are made 

of concrete except for a few plastic pipes. A Manning n coefficient of 75 and 80 were assigned 

for the concrete- and plastic pipes respectively, according to typical ranges given in the HEC-

22 manual (U.S Department of Transportation, 2009). 

 

In addition to friction losses along the pipes in the sewer network, energy is lost at manholes 

and junctions. The change in energy is caused by the conversion between kinetic- and 
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potential energy, as well as the conversion to heat energy through turbulence. In MIKE 

FLOOD different methods can be used to calculate these losses, where (Blomquist, 2016) 

recommends the weighted inlet energy method to be used. The method is based on the mean 

energy approach seen in equation (15) and was used for all nodes (DHI, 2017). 

∆𝐸𝑖 =
𝑣𝑖

2 − 𝑣𝑚
2

2𝑔
 (15) 

 

Where ∆𝐸𝑖 is the change in energy (J), 𝑣𝑖 is the incoming velocity to the node (m/s), 𝑣𝑚 is the 

water velocity at the node and 𝑔 is the gravitational acceleration. In contrast, the user must 

assign specific energy loss coefficients at link entrances and exits in SWMM. But it is difficult 

to approximate specific energy losses as little is known about them (Frost, 2006). But to 

estimate the losses, a combination of recommended values by SWWA and calculations 

described in the Hec-22 manual was used. SWWA recommends a loss coefficient less than 

0.25 for pipes traveling straight through manholes (Swedish Water & Wastewater Association, 

2016). To account for potential overestimations, a general loss coefficient of 0.15 was chosen 

at all nodes, with no difference in the dimension of ingoing and outgoing pipes. For nodes 

where the dimension of the in- and outgoing links differed, larger losses can be expected. At 

these circumstances, the transition loss equations seen in equation 16-17 were used, as 

described in HEC-22 manual (U.S Department of Transportation, 2009). 

𝐻𝑒 = 𝐾𝑒 (
𝑉1

2

2𝑔
) (16) 

 

𝐻𝑐 = 𝐾𝑐 (
𝑉2

2

2𝑔
) (17) 

Where 𝐻𝑒 is expansion energy loss coefficient, 𝐾𝑒 is the expansion coefficient, 𝑉1is the 

upstream velocity (m/s), 𝑉2 is the downstream velocity (m/s), 𝐻𝑐 is contraction energy loss 

coefficient, 𝐾𝑐 is the contraction coefficient and 𝑔 is the gravitational acceleration (m/s2). The 

water velocities were retrieved from a preliminary model run in FLO-2D. Then the ratio 

between the diameter of ingoing and outgoing pipes together with the maximum water 

velocity was related to specific contraction and expansion coefficients through tables described 

in the HEC-22 manual. The tables can be found in Appendix B (Table B1 and B2).   

All nodes were coupled to the surface model. For the comparison models, the inlet at the 

nodes was assumed to have a diameter of 0.64 m, the same size as a standard manhole lid used 

in Motala, having an open area and perimeter of 0.322 m2 and 2.01 m respectively (Ulefos 

Cappellen Group, 2019). The inlet areas used for the sensitivity analysis models are described 

in a later chapter. In FLO-2D the orifice discharge coefficient 0.67 is hardcoded and was 

therefore used in the MIKE FLOOD model as well to ensure comparable results. For the 

sensitivity analysis models in MIKE FLOOD, the orifice discharge coefficient was set to 1, 

which is a normal value used in MIKE FLOOD models (DHI, 2017). 
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5.2.7 Boundary conditions at outflow nodes 

For the sake of simplicity and to create comparable results, the outflow nodes in the 

comparison models were set to be free outfalls. At free outfalls, the level in the last link before 

the outlet is used to compute the discharge. It is a simplification as it neglects backwater effects. 

In reality, the nodes used as outlets are connected to the downstream pipe system as seen in 

Figure 5. The backwater is expected to buildup in the downstream system, limiting discharge 

through nodes used as outlets in the comparison models. Therefore, setting the outlets to free 

outfalls neglects the backwater of the downstream system and leads to overestimations of the 

sewer networks capacity. However, this decrease in the accuracy is acceptable as the aim was 

to compare MIKE FLOOD and FLO-2D and not to assess the sewer system. 

However, the downstream boundary conditions at the outlets are more important for the 

sensitivity analysis models. Because the drainage conditions are directly affected by sewer 

systems pressure heads. Having the free outfalls causing overestimations of the sewer systems 

capacity would affect the timing and amount of discharge at upstream nodes. This in turn leads 

to unrealistic results and incorrect conclusions of what effect the representation of grate inlets 

has on modeled results. Therefore, Q-H relationships were used as a boundary condition at the 

outlet nodes for the sensitivity analysis models. These relationships define a discharge value for 

specific water depths at nodes. The Q-H relationships at the two outlets were retrieved by 

running the original models created by Sweco with the same rain events as for the sensitivity 

analysis models. Then the Q-H relationships were extracted from the two links connected to 

the nodes used as outlets in the sensitivity models. Figure 8 shows the Q-H graph for Outlet 2. 

 

Figure 8. The Q-H relationship for Outlet 2 retrieved from a preliminary model run. 

At some water depths, the graph has two different discharge values, and this is due to the flow 

being different when the pipe system is being filled up at the beginning of a flood event 

compared to when it is being emptied later in the event, known as hysteresis. The curve was 

adjusted by removing outliers and ignoring all values for water depths above 1 m. 1 m was 

used as cutoff points as this represent the link having a diameter of 1 m flowing at full capacity. 

Discharge values for water depths above 1 m represent the stopping effect the buildup from the 
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downstream network had on discharge, explaining the decreasing values. By ignoring these 

values, the sewer networks capacity is being overestimated during the peak flow hours where 

the outlets are pressurized. Still, it is a more realistic representation of the conditions at the 

nodes compared to a free outlet.  

Q-H relationships must be imported to MIKE FLOOD in a table with continuous increase in 

discharges. A fourth-degree polynomial curve was fitted to the retrieved Q-H relationship 

curve in MATLAB, as seen in Figure 9. This equation was later used to create a table with a 

specific water depth for discharges with the increment of 0.01. The same procedure was 

performed to create the Q-H relationship for Outlet 2 with the results in Appendix C (Figure 

C1 and C2).  

 

Figure 9. Simulated water depths at different discharges at Outlet 2, with a fourth-degree 
polynomial fitted line with the norm of residuals being 1.8154. 

5.2.8 General settings 

The time step in MIKE FLOOD was set to 0.5 seconds for the surface model in the 

comparison models while a time step of 0.75 seconds was used for the sensitivity analysis 

models. In FLO-2D the user must assign a Courant number which the program uses to adjust 

the time step during a simulation. The default Courant number value of 0.2 was used for all 

FLO-2D models. For all models in both MIKE FLOOD and FLO-2D, the sewer and surface 

model had an output time step was of 30 and 288 seconds respectively. 
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5.2.9 Sensitivity analysis models 

Table 3 is a summary of the six models created to perform the sensitivity analysis of grate inlet 

representation. Nodes with an assigned inlet area above 0 m2 are referred to as “active nodes”,  

Table 3. The differences in the number of nodes and inlet area dimensions between the 
models 

Model Number of active nodes Inlet area at nodes (m2) 

A 141 0.322 

B 141 0.168 

C 105 0-0.360 

C1 116 0-0.360 

C2 127 0-0.360 

C3 139 0-0.360 

 

Model A and B were created to represent default scenarios, where the actual grate inlets in the 

case study were not considered. For the model A, the manhole cover area was used as the inlet 

area, as the MIKE FLOOD manual describes the weir crest typically assigned a value 

equivalent of the circumference of a manhole cover (DHI, 2017). Therefore, the inlet area of 

0.321 m2 was selected as it equates to the area of a standard manhole cover in Motala. The 

inlet area of 0.168 m2 was used in model B as it is the default value assigned to nodes in MIKE 

FLOOD.  

Model C-C3 were created to compare models where inlets are described in different ways. 

From model C-C3 the number of inlets is increased by 10 % for each subsequent model. The 

10% increase of inlets for the models C-C3 were selected to include most of the grate inlets 

along existing sewer model in the case study area.   

The models C-C3 were created using two point shapefiles of the manholes and grate inlets at 

Vintergatan together with the sewer network used in the original model, as seen in Figure 10. 

The proximity tool in ArcMap was used to retrieve the number of points from the grate inlet 

layer surrounding a specific point in the manhole layer. A 15 m search radius was used as this 

covered all grate inlets surrounding a manhole in a typical location such as a junction, without 

including grate inlets further away between manholes. In some locations with high manhole 

density (two manholes inside 15 m radius), grate inlets were assigned to the closest manhole. 

As the shapefile layer only covers grate inlets along the road, some grate inlets were neglected 

at private properties and parking lots. This is especially prominent in the western industrial part 

of the study area. Here, inlet grates were manually added to the nodes through inspecting map 

images using Google Maps (Google, 2019). One grate inlet per building with associated 

parking lot was assigned to the closest node in places were no grate inlets were found, to 

compensate for cars obstructing the view. This selection resulted in nodes represented by 

manholes having 0-6 grate inlets assigned to them.  
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Figure 10. Map showing the sewer system together with the manhole- and grate inlet 
shapefile. 

The open area of the standard grate inlets used at Vintergatan is 0.06 m2 (Ulefos Cappelen 

Group, 2019). This area was multiplied with the number of grate inlets assigned to the specific 

node. The obtained value was then used as the nodes inlet area. The inlet area was set to zero 

for nodes without any grate inlets in their vicinity. These modifications resulted in nodes 

having assigned inlet areas in the range of 0-0.36 m2. 

Additional nodes were added to models C1-C3 at the location of grate inlets being further 

away than 15 m from the nearest node. Two rules dictated the choice of points from the grate 

inlet shapefile to be added. First, grate inlets located inside the residential area in the 

northeastern part of the study area were prioritized. As there was less uncertainty concerning 

missing grate inlets when comparing to the industrial area, the overall representation of grate 

inlets was more accurate in this part of the model. Second, grate inlets with the longest 

distance from the nearest node were selected first to avoid short links. As short links can be a 

source of model instabilities and conservation errors in the hydrodynamic calculations. After 

adding the grate inlet nodes, nearby links were adjusted to include the added nodes in the 
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sewer network. Resulting in one new link for each added node. This procedure was first 

followed to generate model C1. Then the steps were repeated to generate model C2, and later 

repeated once more to generate model C3. Figure 11 shows the locations of the added nodes 

for models C1-C3. Model C3 contains all nodes that were added in model C1 and C2, while 

model C2 contains all nodes that were added in model C1. Model C1 only contains nodes that 

were added during the first procedure.   

 

Figure 11. Maps showing the case study area and the locations of the grate inlets that were 
added as nodes in models C1-C3. 

As the links are assumed to be connected to the bottom level of nodes, the bottom levels for 

the additional nodes in models C1-C3 were adjusted, so that all links in models A-C3 had 

equal slopes. 
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6. Results and Discussion 

6.1 Model comparison 
A total of 6 model runs were performed, one for each rainfall input in both MIKE FLOOD 

and FLO-2D. First, the overall results of computational performance and volume fluxes are 

presented, followed by flood maps of both predicted maximum water depths and the change in 

water depths with time. Then a further analysis of estimated water depths at selected points is 

presented for the models with the 100-year rainfall input. Lastly, graphs showing the change in 

discharge with time at selected nodes and links are presented for the 100-year rainfall models. 

The models created in MIKE FLOOD are from now on referred to as the MIKE models or 

MIKE-10, MIKE-20 or MIKE-100 model depending on return interval of the rainfall input. 

The FLO-2D models are referred to similarly as the FLO-10, FLO-20 and FLO-100 model.      

6.1.1 Results 

Table 4 summarizes the computational performance and overall volume results for each model 

run. The computation times were almost 23 minutes faster on average in the FLO-2D models 

compared to the MIKE models. The FLO-2D models had smaller continuity errors in the 

surface model while the MIKE models had smaller continuity errors in the sewer models. The 

largest continuity errors were obtained in the FLO-2D sewer models. With the FLO-10 and 

FLO-20 models having sewer continuity errors of -23.26% and -13.11% respectively. The 

sewer continuity error shows the difference between the sewer inflow and the sum of the 

sewer outflow and storage. The FLO-10 and FLO-20 models have large negative sewer 

continuity errors as the total outflow from the sewer exceeded the total inflow. Meaning that 

water was added in the sewer model. 

The FLO-2D models had a larger rainfall input compared to the MIKE models due to the 

subtracted rainfall input that was used in the MIKE models to compensate for pervious 

surfaces. The in- and outflow volumes in the sewer system together with the surcharge were 

continuously higher in the MIKE models compared to the FLO models. Furthermore, the 

MIKE models added water to the models as “water level correction”. The need for water level 

correction could be caused by the steep slopes around the DEM representing buildings creating 

fast surface flows with cells drying out fast, which forces the model to add water to the cells to 

sustain model stability. Resulting in the total outlet outflow and surface volume being larger 

than the volumes of water added by the rainfall. A discrepancy between the volumes added 

through the rainfall versus the surface and outflow volumes also existed for the FLO models. 

Where the surface and outflow volumes in all FLO-2D models exceeded the rainfall volumes.  

The estimated maximum water depths in the FLO-10 (2.65 m) and FLO-20 (2.88 m) 

estimated 21.1 % and 11.2 % larger maximum depths compared to the MIKE-10 (2.23 m) and 

MIKE-20 (2.49 m). While the maximum water depth in the FLO-100 model (3.08) was only 

1.0 % higher than the MIKE-100 model (3.05). 
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Table 4. Summation of model results in MIKE FLOOD and FLO-2D. The first value in each 

cell represents the result for the model while the second value inside the parentheses represents 
the results percentage increase or decrease in relation to the result of the MIKE model using 
the same rainfall input. 

Model Mike-10 Mike-20  Mike-100 FLO-10 FLO-20 FLO-100 

Computation 
time (sec)* 

4489 4420 4709 2782 
(-38.0) 

3132 
(-29.2) 

3515 
(-25.4) 

Average time 
step for surface 
model (sec) 

0.50 0.50 0.50 1.0 
 

0.77 
 

0.75 
 

Continuity 
error surface 
model (%) 

-0.940 0.740 -0.400 0.011 
 

0.003 
 

0.007 
 

Continuity 

error sewer 
model (%) 

-1.02 0.710 -0.320 -23.26 -13.11 -1.80 

 

Difference 
between 
drained water 
in surface and 
sewer model 

0 0 0 3474.75 3575.05 3344.09 

Total rainfall 
(m³) 

29288.70 37085.22 63916.70 29995.62 
(+2.4) 

37783.02 
(+1.9) 

64614.90 
(+1.1) 

Inflow to 
sewer (m³) 

14869.56 20982.85 46337.72 13409.06 
(-9.8) 

18565.85 
(-11.5) 

40661.68 
(-12.2) 

Surcharge from 
sewer to 
surface (m³) 

323.90 1115.17 3602.94 36.11 
(-89.0) 

213.08 
(-80.9) 

1651.48 
(-54.2) 

Outflow from 
outlet (m³) 

14560.8 19877.3 42734.6 16386.61 
(+12.5) 

20686.06 
(+4.1) 

39642.11 
(-7.2) 

Final volume 
in surface 
model (m³) 

15763.01 18560.16 25184.12 16619.32 
(+5.4) 

19429.24 
(+4.7) 

25599.56 
(+1.6) 

Water level 
correction (m³) 

1071.85 1400.41 4052.36 - - - 

Surface 
volume + 
outflow from 

outlet 

30323.81 38437.46 67918.72 33005.93 
(+8.8) 

40115.30 
(+4.4) 

65241.67 
(-4.0) 

Maximum 
water depth 
(m) 

2.23 2.49 3.05 2.65 
(+18.8) 

2.88 
(+15.7) 

3.08 
(+1.0) 

*Specifications of the computer used for the modeling: Intel E5 CPU at 3.5 GHz with 64 GB 

RAM and a NVidia Quadro GPU card with 640 cores at 2500 MHz and 4GB GDDR5 

SDRAM.    
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By visually inspecting Figure 12, the overall pattern of water distribution was found to be 

similar between the MIKE-100 and FLO-100 models. Similar results were found for the other 

models rainfall inputs, and their flood maps can be found in Appendix D (Figures D1 and D2).    

 

Figure 12. Maximum water depth (h) during a 100-year event. Left: MIKE-100 model; right: 
FLO-100 model. 

By visually inspecting the flood map in Figures 13-15, it seems like the flood developed in a 

similar pattern in both 100-year rainfall models. With the main difference being the FLO-100 

model was having deeper standing water across the catchment after 30 minutes, especially 

prominent in Area 2 (Figure 13). While after 1- and 4 hours, the flood extent is similar in both 

models in Figure 14 and 15. Both estimate the highest water depths in the central area of the 

catchment referred to as Area 3 in the maps. At this location, there is a highway underpass 

where water can be expected to pond. A noticeable difference between the models can be 

found in Area 1, after 4 hours of simulation time, nearly all water is drained away in the 

MIKE-100 model while the FLO-100 still show water depths up to 0.75-1 m (Figure 15). 

Additional maps at different simulation times can be found in Appendix E (Figures E1-E3).    
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Figure 13. Water depth (h) after 30 minutes of simulation time during the 100-year rain event. 
The yellow boxes and numbers represent areas of interest. Left: MIKE-100 model; right: FLO-
100 model. 

 

Figure 14. Water depth (h) after 1 hour of simulation time during the 100-year rain event. 
The yellow boxes and numbers represent areas of interest. Left: MIKE-100 model; right: FLO-
100 model. 
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Figure 15. Water depth (h) after 4 hours of simulation time during the 100-year rain event. 
The yellow boxes and numbers represent areas of interest. Left: MIKE-100 model; right: FLO-
100 model. 

Figure 16 presents seven locations with maximum water depths above 40 cm representing areas 

where large volumes of water that would make them important to assess for in stormwater 

investigation. In figure 16 a selected link of a short length (10 m) is also displayed, being one of 

the locations were the FLO-2D models showed instabilities.    
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Figure 16. Map of the study area with a selection of points at locations where the maximum 
water depths reached above 40 cm, represented by green numbers and circles. The blue line 
and text represent a short link. 

Information about the average maximum water depths across and area of 144 m2 (3x3 grid 

cells) surrounding points 1-7 are summarized in Table 5. The most significant difference in 

maximum water depths between the models was in the area surrounding point 2, where the 

MIKE-100 model (0.85 m) estimated a 0.06 m higher water depth compared to the FLO-100 

model (0.79 m). At points 1 and 6 the models predicted the same maximum water depths. For 

all the other points, the MIKE-100 model predicted higher water depths compared to the 

FLO-100 model. 
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Table 5. The average maximum water depths for an area equivalent to 144 m2 surrounding the 

points 1-7. 

Points MIKE-100 FLO-100  

 Maximum water 
depth (m) 

Maximum water 
depth (m) 

Difference MIKE 
100 – FLO-100 
(m) 

1 1.15 1.15 0.00 

2 0.85 0.79 0.06 

3 0.51 0.47 0.04 

4 0.25 0.23 0.02 

5 0.29 0.25 0.04 

6 2.64 2.64 0.00 

7 0.46 0.43 0.03 

Average absolute 

difference between 
models (m) 

  0.03 

 

Figures 17-21 show that the water discharged between the surface and sewer at the nodes 

located at the selected points varied both in magnitude and timing between the models. In the 

FLO-100 model, several nodes showed drastic fluctuations in discharge which indicates 

numerical instabilities, as seen in Figure 17.  

 

Figure 17. Water discharge between the sewer and surface at the node located at point 2. 

Negative discharge values correspond to water flowing from the surface to the sewer, while 
the reverse is true for positive values. 
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Figure 18. Water discharge between the sewer and surface at the node located at point 3. 
Negative discharge values correspond to water flowing from the surface to the sewer, while 
the reverse is true for positive values. 

 

Figure 19. Water discharge between the sewer and surface at the node located at point 4. 
Negative discharge values correspond to water flowing from the surface to the sewer, while 

the reverse is true for positive values. 
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Figure 20. Water discharge between the sewer and surface at the node located at point 5. 
Negative discharge values correspond to water flowing from the surface to the sewer, while 
the reverse is true for positive values. 

 

Figure 21. Water discharge between the sewer and surface at the node located at point 7. 
Negative discharge values correspond to water flowing from the surface to the sewer, while 

the reverse is true for positive values. 

In the FLO-100 model, the oscillating flow was found for several links, where most of them 

were either short or located in downstream areas. Figure 22 presents the oscillating flow for the 

selected Link L1 which was displayed in Figure 16.  
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Figure 22. Discharge through Link L1, where the FLO-2D model showed oscillating flow.   

6.1.2 Discussion 

The summation of the model results in Table 4 shows that the FLO-2D models had significant 

continuity errors, where the FLO-10 and FLO-20 sewer models had continuity errors above 

10 %. This makes the results not comparable to the MIKE-10 and MIKE-20 models. The 

computational time in the FLO-2D models was much lower compared to the MIKE models. 

With the largest difference found between the FLO-10 (2783 seconds) and MIKE-10 model 

(4489 seconds), where the FLO-10 models computational time was 38% shorter than the 

MIKE-10 models (Table 4). The large average time steps used in the FLO-2D models ranging 

between 0.75 and 1 seconds likely contributed to the continuity errors. 

The MIKE FLOOD models were adding water to the surface model through water level 

correction. This could explain why less water was drained from the surface model to the sewer 

model in the FLO-2D models (Table 4). Interestingly, the FLO-10 and FLO-20 models had 

9.8 % and 11.5 % less inflow to the sewers respectively compared to the MIKE-10 and MIKE-

20 models, while having  12.5 % and 4.1 % more outflow at the outlets (Table 4). This can be 

explained by the FLO-2D sewer models adding water during the simulation to maintain 

stability. Compared to the FLO-10 and FLO-20 models, the FLO-100 model had relatively 

low continuity errors (0.007 % and -1.80% in the surface- and sewer model respectively), 

making it the most representative model to be compared to its MIKE FLOOD counterpart, 

the MIKE-100 model (Table 4). 

In general, the water distribution was similar between the MIKE-100 and FLO-100 models in 

terms of highlighting areas susceptible to flooding during all rainfall events (Figure 13-15). For 

the MIKE-100 and FLO-100 models, the average difference in maximum water depths at 

selected points were 3 cm. This difference is relatively low considering the large water 

quantities added by the 100-year rain, and it is likely that similar assessments of the flooding 

situation could be performed using results from both the model created in MIKE FLOOD and 

FLO-2D. One potential cause why MIKE-100 model was continuously predicting higher 
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water depths is that extra water was added through water level correction in the MIKE-100 

model, while the FLO-100 model predicted 13.2% less water inflow to the sewer (40201.12m3 

compared to 46337.72 m3). 

The most noticeable difference in the development of the flood in the FLO-100 and MIKE-

100 models were the higher water depths after 30 minutes of simulation time. In preliminary 

model runs, the shallow roughness n value in FLO-2D proved to have a large effect on 

maximum water depths and the shallow roughness n value of 0.010 was used for the 

comparison. It is possible that this low roughness value caused shallow water to flow faster in 

the FLO-100 model compared to MIKE-100 model. This could explain the earlier initial 

ponding in the FLO-100 model compared to the MIKE-100 model, as water could faster be 

transported from different part of the catchment to depressions in downstream areas.    

The discharge at nodes had the same pattern in the MIKE-100 and FLO-100 models for the 

nodes at points 3, 5 and 7 (Figure 18, 20 and 21), but the volume differed. The difference in 

discharge is likely due to the MIKE-100 and FLO-100 models predicting different water 

depths at surfaces above the nodes and not due to differences in coupling equations used 

between the programs, as higher surface depths increase the potential discharge through the 

node in both programs. The difference between the orifice’s equations applied in both 

programs (equation 8 and 10) is that the equation in MIKE FLOOD accounts for the sewer 

pressure head, where higher sewer pressure heads lower the potential discharge from the 

surface to the sewer through the node. The orifice equation used in FLO-2D, neglects the 

effect of the sewer pressure head. Therefore, the FLO-2D model should predict higher 

amounts of discharge between the surface- and sewer model compared to the MIKE model at 

the same water depth and sewer pressure head. 

Oscillating flows were detected at several links and nodes in FLO-2D, indicating model 

instabilities. This oscillating flow is likely caused by the setup of the model and not the actual 

program. As the original sewer model was created in MIKE FLOOD, it is adapted to run 

stable in MIKE FLOOD. In contrast, the complete sewer model was imported into FLO-2D 

with less adaptation. It is likely that the FLO-2D sewer models would be more stable with 

smaller continuity errors if a separate sewer model would have been created in FLO-2D with 

more program specific optimization.  

6.1.3 Limitations and further research 

The selection of energy loss coefficients for nodes and links in both programs is a source of 

uncertainty. Considering the high uncertainty, no energy losses could have been assumed in 

order to ensure the same settings in both models. As the comparison between the models was 

the focus and not their accuracy.  

While creating the models, parameters were set to the same values in both programs to 

decrease the number of uncertain variables that could affect modeled results. However, as the 

programs are created with different algorithms and recommendations of parameter values, 

setting up the models with parameters tailored to the specific flood modeling package could 

lead to more representative results of the performance of the specific program.  Ideally, with 

the involvement of the program’s developers, as done by Néelz & Pender (2013) when 

benchmarking several flood models. 

The oscillations found in the sewer network together with the relatively high continuity error 

for the FLO-2D models suggest that there were instabilities in the model that likely reduced its 
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accuracy. To make a more representative comparison between the programs, the oscillating 

flow and extra water added in the FLO-2D sewer models should be addressed by modifying 

the sewer system. In the surface models, the steep slopes should be smoothened out to decrease 

the extra water added through water level correction in the MIKE models. Also, calibration 

and validation of the models should be performed in further comparisons of the two programs, 

to investigate the models' accuracy  

6.2 Sensitivity analysis models 
A total of 6 model runs were performed with the 100-year rainfall input, one for each 

scenario. First, two summarizing tables of the overall computational performance, volume 

fluxes, and differences in drainage capacities are presented. These are followed by flood maps 

of maximum water depths and the change in water depth with time for model A and C3. 

Then, further analysis of flood durations at selected nodes are presented, where flooded areas 

are defined as locations being covered by water having a minimum depth of 20 cm. Lastly, a 

profile along with the sewer system showing the change in pressure head with time in model A 

and C3. 

6.2.1 Results 

Table 6 summarizes the computational performance and overall volume results for each model 

run. All of the models show similar computation times with the maximum difference being 

between model C2 and C with model C2 (2243 seconds), having 193 seconds shorter 

computation time compared to the C model (2436 seconds). The choice of inlet size between 

a standard manhole and the default value in MIKE FLOOD had a low impact on the overall 

results, as model A and B show similar results for all categories with differences of less than 7%. 

Except for 37.4% less surcharge from the sewer to the surface estimated in model B (4149 m³) 

compared to model A (6634 m³). 

The change in inlet representation resulted in over 10% decrease of inflow volumes to the 

sewer for models C-C3 compared to model A. Surcharging volumes in models C-C3 were 

significantly lower compared to model A with a decrease ranging between -71.3% to -79.1%. 

Among all models, C showed the lowest volumes for inflow to sewer and surcharge from the 

sewer to surface. Interestingly, model C3 had lower inflow to the sewer (54992 m³) compared 

to model C1 and C2, which estimated the inflow to 55171 and 55324 m³ respectively. All 

models produced similar maximum water depths in the range 3.23-3.25 m.  
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Table 6. Summation of the sensitivity analysis models results. The first value in each cell 

represents the result for the model while the second value inside the parentheses represent the 
percentage increase or decrease in relation to model A. 

Model A B  C C1 C2 C3 

Computation time (sec)* 2408 2392  
(-0.6) 

2436  
(+1.2) 

2289  
(-4.9) 

2243  
(-6.9) 

2327  
(-3.4) 

Continuity error surface model (%) 0.15 0.16  
 

0.13  
 

0.14  
 

0.16  
 

0.17  
 

Continuity error sewer model (%) 0.77 0.78  
 

0.35  
 

0.35  
 

0.65  
 

0.66  
 

Total rainfall (m³) 63916.70 63916.70  
(0) 

63916.70  
(0) 

63916.70 
(0) 

63916.70  
(0) 

63916.70  
(0) 

Water level correction (m³) 18346.45 18610.28  
(+1.4) 

18556.15 
(+1.1) 

18740.44 
(+2.1) 

18592.58  
(+1.3) 

17991.88  
(-1.9) 

Inflow to sewer (m³) 62238.34 59993.68 
 (-3.6) 

54509.60 
(-12.4) 

55170.74 
(-11.4) 

55323.46  
(-11.1) 

54991.71  
(-11.6) 

Surcharge from sewer to surface (m³) 6633.55 4148.68  
(-37.4) 

1384.38 
(-79.1) 

1554.52  
(-76.6) 

1786.46  
(-73.1) 

1907.60  
(-71.3) 

Outflow from outlet (m³) 55600.30 55839.50  
(+0.4) 

53116.10  
(-4.5) 

53606.20 
(-3.6) 

53531.90  
(-3.7) 

53076.10  
(-4.5) 

Maximum water depth (m) 3.23 3.24 

(+0.3) 

3.25 

(+0.6) 

3.25 

(+0.6) 

3.24  

(+0.3) 

3.24  

(+0.3) 

*Specifications of the computer used for the modeling: Intel E5 CPU at 3.5 GHz with 64 GB 

RAM and a NVidia Quadro GPU card with 640 cores at 2500 MHz and 4GB GDDR5 

SDRAM.    

In Table 7, large differences in drainage capacities can be seen between the different models. 

Where adjusting the inlet areas at nodes according to actual locations of grate inlets in models 

C-C3 decreased the total inlet area of all nodes and the number of active nodes. With the 

largest difference being model C having 71.4% less total inlet area compared to the model A.    
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Table 7. Data connected to the drainage capacity for the different models together with 

average flood duration. The first value in each cell represents the result for the model while the 
second value inside the parentheses represents the percentage increase or decrease in relation to 
the model A. 

Models A B C C1 C2 C3 

Inlet area at each 
node (m2)* 

0.322 0.168(-47.5) - - - - 

Number of 
active nodes 

141 141 (0) 
 

105 (-25.6) 116 (-17.7) 127 (-10.0) 139 (-1.4) 

Total inlet area 
of all nodes (m2) 

45.1 23.7 (-47.5) 12.9 (-71.4) 13.7 (-69.6) 14.70 (-67.4) 15.8 (-65.0) 

Number of 
active nodes 
inside Area 2** 

13 13 (0) 5 (-61.5) 5 (-61.5) 7 (-46.2) 7 (-46.2) 

Total inlet area 
of all nodes 
inside Area 2 

4.186 2.184 (-47.8) 0.54 (-87.1) 0.54 (-87.1) 0.66 (-84.2) 0.66 (-84.2) 

*Models C-C3 have different inlet areas at nodes depending on surrounding grate inlets.                              

** Area 2 is highlighted in Figures 24-27. 

When visually inspecting the flood maps in Figure 23, no noticeable differences could be 

found between the predicted maximum water depth in models A and C3. Maps of maximum 

water depths for the rest of the scenarios can be found in Appendix F (Figure F1 and F2). 

 

Figure 23. Maximum water depth (h) during the 100-year rainfall. Left: model A; right: model 
C3. 

Model A and B did not show any noticeable differences in flood development, their associated 

flood maps can be found in Appendix G (Figures G1-G8). However, model C3 displayed 

different flooding and drainage pattern compared to model A. In Figures 24-27 the model A 

and C3 flood maps are compared to highlight the main differences. In Figure 24 and 25, the 

buildup and spread of water during the first 1.5 hours are similar between model A and C3. 
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However, after 4 hours, the central downstream part of the catchment (Area 2) has higher 

standing water in model C3 compared to model A, as seen in Figure 26. But at the same time, 

the upstream Area 1 and 3 are covered with higher standing water in model A. After 6 hours 

of simulation time, the upstream Area 1 and Area 3 are drained in both models (Figure 27). 

While the downstream Area 2 and its surrounding parts are more flooded in model C3 

compared to model A.  

 

Figure 24. Water depth (h) after 30 minutes of simulated time. The yellow boxes and numbers 
represent areas of interest. Left model A; right: model C. 

 

Figure 25. Water depths (h) after 1.5 hours of simulated time. The yellow boxes and numbers 
represent areas of interest. Left: model A; right: model C3. 
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Figure 26. Water depths (h) after 4 hours of simulated time. The yellow boxes and numbers 
represent areas of interest. Left: model A; right: model C3. 

 

Figure 27. Water depths (h) after 6 hours of simulated time. The yellow boxes and numbers 
represent areas of interest. Left: model A; right: model C3. 
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Figure 28 displays nodes where noticeable differences in changes in water depths over time 

were found between the models. 

 

Figure 28. Map of the study area with a selection of nodes at locations where the water depths 
differed between the models, represented by green numbers and circles. Profile 1 connects the 
upstream Node 2 with downstream Node 7. Point A is located at a node only included in 
model C2 and C3. 

The change in water depths at nodes 1-11 was similar in all models during the first 1.5 hours of 

the flood event. However, there were noticeable differences during the later time steps. The 

models can be grouped into three pairs A-B, C-C1 and C2-C3 which share similar results 

(Table 7). The results between the pairs C-C1 and C2-C3 were generally closer to each other 

compared to A-B. At some nodes, the models C-C1 show a faster decrease in water depths as 

seen in Figures 29, 30, and 32 while at other nodes, the models A-B drained the water faster 

(Figure 31). The C2-C3 results were continuously in between the other pairs. Graphs of the 

selected nodes not included in the following figures can be found in Appendix H (Figures H1-

H7). 
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Figure 29. The change in surface water levels with time at node 2. The colors described in the 
graph represent the different models. 

 

Figure 30. The change in surface water levels with time at node 4. The colors described in the 
graph represent the different models. 
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Figure 31. The change in surface water levels with time at node 7. The colors described in the 
graph represent the different models. 

 

Figure 32. The change in surface water levels with time at node 10. The colors described in 

the graph represent the different models. 
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Figure 33 and Table 8 present the total time the surfaces were flooded by water with a 

minimum depth of 20 cm, referred to as flood duration. Figure 33 shows the close similarities 

among the pairs A-B, C-C1, and C2-C3 with the average difference between the models 

inside a pair being 5 minutes (Table 8). At the upstream nodes 1, 2, 3, 4, 10, and 11 the surface 

remained flooded for a longer time in models A-B compared to the other models. While for 

the downstream central nodes 5,6,7,8 and 9 the opposite was true where models C-C4 had 

longer inundation times. The most significant differences in flood durations were at the central 

nodes 7-9, where the maximum difference being 364 minutes, between model A and C.  

 

Figure 33. Total time that surfaces located at the points were flooded by 20 cm deep water.  
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Table 8. Differences in surface flood durations at the locations of Nodes 1-11 between all 
models. 

Compared models Average absolute 
difference (min) 

Maximum absolute 
difference (min) 

A-B 5 10 

A-C 129 364 

A-C1 129 361 

A-C2 76 195 

A-C3 73 187 

B-C 128 356 

B-C1 127 353 

B-C2 74 187 

B-C3 71 179 

C-C1 3 4 

C-C2 54 169 

C-C3 57 177 

C1-C2 54 166 

C1-C3 57 174 

C2-C3 4 8 

 

Table 9 shows that model A had the lowest average flood durations among all models (175 

minutes). The models C-C3 all had longer average flood durations compared to models A and 

B, with the average flood duration of 251 minutes for the C1 being 43.4% longer than model 

A (175 minutes). 
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Table 9. Average surface flood durations at the locations of Nodes 1-11. The first value in each 

cell represents the result for the model, while the second value inside the parentheses represent 
the percentage increase or decrease in relation to the A models results. The third value inside 
the parentheses for models C1-C3 represent the percentage increase or decrease in relation to 
model C. 

Model Average flood duration (min) 

A 175  

B 179 (+2.2) 

C 249 (+42.3)  

C1 251 (+43.4) (+0.8) 

C2 208 (+18.9) (-16.5) 

C3 205 (+17.1) (-17.7) 

 

Figure 34 shows variation in discharge between the surface and sewer model at Node 2 for 

model A, C, and C3. In model A, more water was surcharged from the sewer to the surface 

during the first hour of flood event compared to model C and C3. While after two hours of 

simulation time, the discharge from the surface to the sewer increased faster in model C and 

C3 compared to model A. However, the highest peak discharge was obtained by model A, 

approximately 5.5 hours into the flood event.   

 

Figure 34. The change in water discharge with time at Node 2. Water transferred from the 

surface to the sewer is considered the negative direction.   

Figure 35 displays the variation in discharge between the surface and sewer at Node 7 for 

model A, C and C3. More water was being discharged from the surface to the sewer during 

the first 2 hours in model C and C3 compared to model A. Again, the highest peak discharge 

was obtained in model A, with a sudden stop to the drainage after 5 hours of simulation time. 

While the discharge slowly decreased in model C and C3 with drainage ending first after 15 
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hours of simulation time in model C.

 

Figure 35. The change in discharge with time at Node 7. Water transferred from the surface to 
the sewer is considered the negative direction.   

The change in pressure head in the sewer system with time is presented for model A and C3 in 

Figures 36-38, showing profiles of the sewer network between the upstream Node 2 and 

downstream Node 7. At the beginning of the flood event the capacity of the sewer was 

exceeded with pressure heads surpassing the ground surface at several locations. The pressure 

head was at a similar level between the models at this time (Figure 36). After 3 hours, the 

pressure head at Node 2 in model C3 was lower compared to model A (Figure 37). After 7 

hours the sewer pressure head level was completely below the surface for both models (Figure 

38).           
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Figure 36. Pressure head level along Profile 1 going between Node 2 and Node 7, after 1 hour 
of simulation time with A being model A and B being model C3. The dark blue line 
represents the pressure head inside the sewer. The figure shows the pipes at the bottom of the 
graphs, connected to the bottom parts of nodes. The nodes are symbolized by vertical cylinders 
and the ground level is represented by the light blue line running through the top parts of all 
the nodes, this line only represents the ground level at the locations of the nodes and is 
interpolated linearly between them. 
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Figure 37. Pressure head level along Profile 1 going between Node 2 and Node 7, after 3 
hours of simulation time with A being model A and B being model C3. The dark blue line 
represents the pressure head inside the sewer. The figure shows the pipes at the bottom of the 
graphs, connected to the bottom parts of nodes. The nodes are symbolized by vertical cylinders 
and the ground level is represented by the light blue line running through the top parts of all 
the nodes, this line only represents the ground level at the locations of the nodes and is 
interpolated linearly between them. 
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Figure 38. Pressure head level along Profile 1 going between Node 2 and Node 7, after 7 
hours of simulation time with A being model A and B being model C3. The dark blue line 
represents the pressure head inside the sewer. The figure shows the pipes at the bottom of the 
graphs, connected to the bottom parts of nodes. The nodes are symbolized by vertical cylinders 
and the ground level is represented by the light blue line running through the top parts of all 
the nodes, this line only represents the ground level at the locations of the nodes and is 
interpolated linearly between them. 

At most locations of the added grate inlet nodes in the models C1-C3, no noticeable difference 

in water depths or flood durations was found between different models. Except for a few 

locations downstream where nodes only existed in model C2 and C3. With an example from 

one location being at point A, presented in Figure 39. Here, model C showed slower drainage 

of inundated water and slightly higher peak water depths by a couple of centimeters (cm) 

compared to models A and C3. Despite not having a node at the specific location, model A 

had faster removal of the water compared to model C3. 
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Figure 39. The change in inundation depth with time and the surface above a grate inlet node 
specific to model C2 and C3 (point A). It was covered by a minimum depth of 20 cm for 230 
min in model A, 389 min in model C3 and 562 min in model C. 

6.2.2 Discussion  

Although complex sewer networks with more nodes and links are associated with longer 

computation times, adding inlets to the model did not increase the runtime for this system. 

The models C1-C3 had shorter runtimes than model C (Table 6). This could be explained by 

the small scale of the study area and its low grate inlet density along with the original sewer 

system. It seems that the extra computational effort associated with additional nodes was 

outweighed by the other factors which had a decreasing effect on the computational time, such 

as the reduced flood durations. In Table 9, model C had the second-longest average flood 

duration (249 min) with the model C1 having the longest flood duration (251). It is possible 

that the prolonged flooding in the surface model demanded extra computational effort, 

resulting in longer computation time for model C. However, if the same method of 

representing grate inlets in models C1-C3 had been used on a larger and more complex 

system, the extra computational effort at the added nodes and links could have increased the 

computational time. 

Model A and B both had longer computational times compared to models C1-C3. This could 

be attributed to model A and B having more active nodes (141 nodes) compared to models 

C1-C3 (105-139 nodes) (Table 7). So, while the total number of nodes was higher in models 

C1-C3, model A and B still had more nodes able to transfer water between the surface and 

sewer. This leads to more locations where the interaction between surface and sewer is 

computed and results in a more complex model overall, possibly causing longer computation 

times.  
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Modifying the inlet areas at nodes in the sewer model according to surrounding grate inlets in 

models C-C3, decreased the amount of total surcharged water between the sewer and surface 

model together with the total drained volume when compared to model A and B (Table 6). 

This was expected as adjusting nodes inlet areas to surrounding grate inlets resulted in the 

models C-C3 having on average approximately 14 % fewer nodes with inlet areas above 0, and 

68% less total inlet area among all nodes when compared to model A (Table 7). The decrease 

in drainage capacity resulted in less water being drained in models C-C3 compared to model A 

and B. The larger inlet areas in model A and B caused more water to be surcharged from the 

sewer to the surface compared to the models C-C3, as according to the orifice equation, 

increasing the cross-sectional area increases the discharge potential.     

Interestingly, for the models C-C3, more nodes did not translate to increased volumes of total 

drained water. As C3, the model with the most nodes had the least amount of drained water 

and outflow. However, model C3 also had the least amount of water added to the model 

through water level correction. So, in model C3, 18592.58 m³ water was added besides the 

rainfall input compared to the average addition of 18629.72 m³ through water level correction 

in the models C-C2 (Table 6). This resulted in less total water input in the C3 surface model 

and therefore fewer quantities available for drainage.  

The predicted maximum water depths were insensitive to change in drainage capacity, as all 

models predicted a water depth within 2 cm of each other (Table 6). This supports the findings 

of Schlauß & Grottker (2016) were changing the drainage capacity had little effect on 

predicted maximum water depths. In the current study, this was due to the pipe system being 

the limiting factor of water transport with pressure heads above the surface during the first 

couple of simulation hours, limiting the potential drainage (Figure 36 and 37). At this point, 

the capacity of the pipe system and the conditions at the outlets dictates the amount of water 

that can be transported from the surface. And as the same pipe system and outlet conditions 

were applied for all models, they predicted similar water levels during peak hour.  

Table 7 and 8 shows that the drainage capacity did have a significant effect on flood durations. 

With the largest difference in average flood time being model C (249 minutes) having 42.3 % 

longer flood times compared to model A (175 minutes) when defining an area covered with a 

minimum of 20 cm deep water as flooded. Again, supporting the findings of Schlauß & 

Grottker (2016) which concluded that changing the drainage capacity did have a significant 

effect on flood durations. In the current study, the flood durations followed a specific pattern 

where the upstream Areas 1 and 3 in models C-C3 were drained faster compared to model A 

and B while the reverse pattern was true for the downstream Area 2 (Figure 33).  

These patterns can be attributed to the decreased number of nodes having inlet areas above 0 

in the models C-C3. In the original sewer network used in model A and B, there were several 

nodes located downstream in the system at the central part of the case study (Area 2 in Figure 

24) close to the highway crossover, where water tended to pond. While in the models C-C3 

where the inlet areas of nodes are adjusted according to the locations of actual grate inlets, few 

grate inlets were found in this central area (Area 2). Therefore, many of the nodes in Area 2 

having relatively large inlet areas in model A and B, had their inlet area set to zero in the 

models C-C3 decreasing the drainage capacity, as seen in Table 7. With the largest difference 

being model C (5 active nodes and total inlet area of 0.54) having 61.5% and 87.1% less active 

nodes and total inlet areas, respectively, inside Area 2 compared to model A (13 active nodes 

and total inlet area of 4.186 m2).     
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These circumstances allowed the following events to take place: during the first hour of the 

flooding event, water gathered in the depressed central part of the catchment. The nodes at 

this location started draining the surface water which increases the pressure head inside the 

sewer system, making the upstream nodes to drain less water as the pipe's capacity was 

exceeded (Figure 36). Naturally, the water in the downstream central parts of the catchment 

was drained at a faster pace in model A compared to C3, with model A having more active 

nodes in the area. This additional drainage kept the sewer pressure head high in the upstream 

nodes, stopping them from draining water 3 hours into the flood event (Figure 37 A). In 

contrast, the slower drainage of Area 2 in model C3 resulted in the pressure heads in the 

upstream part of the catchment to decrease faster. This enabled an earlier onset of drainage in 

the upstream nodes for model C3 (Figure 37). This explains why the upstream nodes were 

flooded shorter durations in the models C-C3 compared to model A and B. After 6 hours of 

simulation time, Area 2 was almost completely drained of water in model A and B while it was 

still flooded in model C3 (Figure 27). So, the drainage capacity was the limiting factor for 

removing the water from Area 2 in model C3. 

Model C and C1 had faster drainage in the upstream areas together with slower drainage in the 

downstream areas compared to model C2 and C3 (Figure 33). As model C and C1 had fewer 

nodes in the downstream areas. Which resulted in slower drainage of the central area, causing 

less prolonged and smaller increases of pressure head enabling faster drainage in upstream areas. 

The described differences in drainage pattern show how local differences in drainage capacity 

can have effects throughout the system, where an overestimation of the drainage capacity in 

downstream areas can cause extended flood durations in upstream areas. 

The difference in inlet area dimension between model A (0.322 m2) and B (0.168 m2) had little 

effect on flood duration with the maximum difference being 10 minutes in Table 9. This was 

likely due to the high node density in many parts of the system, together with the limiting 

aspect of the pipe system. So, although the nodes in model A had the potential to drain water 

faster than model B, the effect was dampened by the limiting pipe capacity. Also, when using 

the orifice equation, the discharge potential in nodes decreases with higher pressure head inside 

the sewer. This is a further explanation of the small differences in flood depths and inundation 

time as the nodes rarely discharged at full capacity. It is likely that changing the inlet area has a 

more significant effect in sewer systems where the total number of nodes is lower, and the pipe 

systems capacity is larger. Under these circumstances the drainage capacity could become the 

limiting factor, allowing inlets to drain water at full capacity.  

The increase of the number of nodes representing grate inlets in the models C1-C3 did not 

cause a gradual change in flood durations, as seen in table 9. Specifically, increasing the number 

of nodes by 10% in model C1 only increased the average flood duration with 0.8% when 

compared to model C. While increasing the number of nodes with 20% and 30% in model C2 

and C3 decreased the average flood duration with 16.4% and 17.7% respectively when 

compared to the model C. The results suggest that the nodes added in model C2 had the most 

significant effect on flood durations. This can be explained by the placement of the added grate 

inlet nodes. All grate inlet nodes added in model C1 were located in the northern residential 

area, lying along sloping surfaces. The same was true for the added grate inlet nodes in model 

C3 in the western industrial area. Because these nodes were in areas where water did not 

gather, their extra drainage capacity did not have much effect. In contrast, 2 of the nodes 

added in model C2 were located in the central downstream area where water gathered in 

depressions. Here, the extra drainage capacity was utilized which lowered the flood durations.  
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The importance of inlet locations, especially the high efficiency of inlets located in water 

ponding areas have been reported in previous studies (Bertsch et al., 2017; Palla et al., 2016). 

Where Bertsch et al. (2017) found a horizontal and vertical shift of nodes by 4.5 and 0.069 m 

to have a significant effect on total volume captured water. Considering the results of the 

current study and the studies previously mentioned, if grate inlets are to be included in models 

to create more realistic representations, the areas where water tends to pond should be 

prioritised when adding grate inlet nodes. It is possible to identify these locations by studying 

elevation maps to locate depressions or by running preliminary models to identify areas where 

water tends to pond. By restricting the modification of grate inlet representation to major 

water ponding areas, the setup- and computation time would be lower compared to adding 

grate inlets throughout the whole model, making it a more viable choice for professionals.  

There was a significant difference in flood durations for models not accounting for grate inlets 

(model A and B) compared to models with adjusted grate inlet representation (models C-C3) 

reaching up to 364 minutes. These differences in predicted flood durations could be important 

during a crisis, primarily if the flooded areas are located at critical locations affecting the 

mobility of emergency vehicles or the accessibility to hospitals. Making inlet representation an 

important consideration in flood modeling of extreme events. 

6.2.3 Limitations and further studies 

In the models it was assumed that water was only being drained through grate inlets. While 

this is true at the start of a rain event, in reality, it is likely that many manhole covers would be 

displaced by the building water pressure during a 100-year rainfall. The open manholes would 

enable additional inflow to the sewer system. By neglecting this effect, the importance of grate 

inlets might be overestimated. While assuming an inlet area resembling a manhole cover may 

be more realistic depending on the number of manhole lids expected to be displaced.   

The OFM/SFM method where the model is loaded by applying a rainfall to the surface to be 

routed to the sewer was used instead of the SFM/OFM method were the sewer system is 

loaded directly. While the selected method produces a more accurate representation of the 

initial surface runoff, it neglects rooftops that are directly connected to the sewer system by 

describing them as open surfaces. It is likely that lots of water would be pouring over from the 

small drainage channels at the sloping roofs of the residential houses during an intense 100-year 

rainfall. However, in the western industrial area, there are a lot of large-flat roofed buildings 

with several drains connected to the sewer system. Water can pond on the flat roofs and later 

be drained into the sewer system. So, by neglecting this type of drainage the importance of 

grate inlets is likely overestimated in the models. Therefore, models using a combination of the 

surface and sewer loading methods should be used for future studies of inlet representation. 

Where rainfall is applied directly to open areas while runoff from connected surfaces such as 

roofs is directly loaded into the sewer model in the model, as performed by Chang et al. 

(2015).  

As mentioned in the discussion, when the sewer system is the limiting factor, the effect the 

drainage capacity has on model results is decreased. By assigning Q-H relations to the outlet 

nodes, the decreased discharge during peak flow due to backwater buildup in the downstream 

network not included in the model was neglected. Time series with varying water depths 

could have been used as an alternative boundary condition at the outlets. This would account 

for the decreased flow at the outflow nodes during the peak flow hours and increased the 

limiting effect of sewers capacity resulting in the drainage capacity having less effect with 
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smaller differences between the models However, this method was discarded as changing the 

inlet representation either increases or decreases the drainage capacity, which affects the water 

levels in the outlet nodes. Thus, specifying a certain depth variation by timeseries at the outlets 

could hide effects caused by changing the inlet representation.   

As no calibration and validation of the models were performed, it is not possible to decide how 

the different grate inlet representations affected the model’s accuracy. Studies of inlet 

representation effects on model’s accuracy are lacking in literature but should be included in 

further studies to assess the effect different grate inlet representations have on results in terms of 

accuracy versus the extra setup time. 
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7. Conclusions  
A comparison was performed between models created in FLO-2D and MIKE FLOOD using 

rainfall inputs with the return interval 10, 20 and 100 years. The programs predicted similar 

flood propagation determined by visually inspecting flood maps. Both programs predicted 

similar maximum water depth when using the 100-year rainfall input. It is likely that a similar 

assessment of the flooding situation could be performed using either of the models. The MIKE 

models continuously predicted more inflow to the sewer compared to the FLO-2D models. 

The difference of inflow was heavily affected by the extra water added as water level 

correction in the MIKE surface models together with instabilities in the FLO-2D sewer 

models. For future comparisons between the models, parameters should be tailored to the 

specific modeling program with further adaptions of the models to reduce the water level 

correction and continuity errors in the sewer models. 

To perform a sensitivity analysis of grate inlet representation, 6 different models were created 

in MIKE FLOOD. Comparing models neglecting grate inlets, to models where the inlet areas 

at nodes were adjusted according to actual grate inlets located within a 15 m radius of the 

node. Adjusting the inlet areas of nodes according to surrounding grate inlets lead to a decrease 

in drainage capacity together with total inflow to the sewer model. It was found that the 

maximum predicted water depths were insensitive to the change in drainage capacity, 

supporting the findings of Schlauß & Grottker (2016). But the grate inlet representation did 

have a significant effect on surface flood durations. The models neglecting grate inlets showed 

shorter flood durations in the downstream areas and longer flood durations in upstream areas 

compared to the models including grate inlets. This pattern was explained by the models 

neglecting grate inlets having a larger drainage capacity in the downstream area which created 

more backwater that limited the drainage of upstream nodes.  

By adjusting the inlet areas of nodes according to actual locations of grate inlets, the drainage 

pattern was changed throughout the system. It was also found that the locations of inlet nodes 

is important in determining their effect on the sewer system, where nodes located in water 

gathering areas such as depressions affects the results the most, which have been reported in 

previous studies (Bertsch et al., 2017). Therefore, when adapting models for more accurate 

grate inlet representations, areas where water tends to ponds should be prioritized as this is 

where the drainage capacity has the most significant impact on the results. Here, the modeler 

must assess if the modeled sewer system either underestimates or overestimates the actual 

drainage capacity.  

In future studies of inlet representation, it would be beneficial if the models would be 

calibrated and validated to assess the impact more detailed grate inlet representation has on the 

model accuracy versus the additional cost associated with the longer time needed to set up the 

models and potential increases in computational times for larger systems. 
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Appendix A Rainfall hyetograph 

Figure A1-A2 present the CDS rains used in the models. 

 

Figure A1. Rainfall hyetograph displaying the variation of rainfall intensities with time for a 

CDS-rainfall with the return period of 10 years. 
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Figure A2. Rainfall hyetograph displaying the variation of rainfall intensities with time for a 

CDS-rainfall with the return period of 20 years. 
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Appendix B Loss coefficients 
 

Table B1 and B2 were used to estimate the energy loss coefficients in SWMM.  

Table B1. The ratio between in- and outgoing pipe dimensions together with water velocities 

relation to enlargement loss coefficients (U.S Department of Transportation, 2009). 

 

Table B2. The ratio between in- and outgoing pipe dimensions together with water velocities 

relation to contraction loss coefficients (U.S Department of Transportation, 2009) 
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Appendix C Q-H relationship 
 

Figure C1 shows the simulated Q-H relationship for Outlet 1 retrieved in a preliminary model 

run. 

Figure C1. Simulated water depths for different amounts of water discharge at Outlet 1.  

In Figure C2, outliers have been removed from the curve and the maximum water depth have 

been set to 1 m. A fourth-degree polynomial curve was fitted to the simulated Q-H 

relationship. The values from the polynomial curve was used as Q-H relationship at Outlet 1 

in all of the sensitivity analysis models. 

 

Figure C2. Simulated water depths at different discharges at the Outlet 1, with a fitted fourth-

degree polynomial line. 
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Appendix D Maximum water depth for the comparison models 
 

Figure D1 and D2 present the predicted maxium water depths in FLO-2D and MIKE 

FLOOD for the 10- and 20 year rain events. 

Figure D1. Maximum water depth (h) during a 10-year event. Left: MIKE-10; right: FLO-10. 

Figure D2. Maximum water depth (h) during a 20-year event. Left: MIKE-20; right: FLO-20. 
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Appendix E Varying water depths for the comparison models 
 

Figures E1-E3 present the predicted water depths in the MIKE-100 and FLO-100 models for 

the simulation times 45 minutes, 12 hours and 24 hours.  

Figure E1. Water depth (h) after 45 minutes of simulation time during a 100-year rain event. 

Left: MIKE-100; right: FLO-100. 

Figure E2. Water depth (h) after 12 hours of simulation time during a 100-year rain event. 

Left: MIKE-100; right: FLO-100. 
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Figure E3. Water depth (h) after 24 hours of simulation time during the 100-year rain event. 

Left: MIKE-100; right: FLO-100. 
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Appendix F Maximum water depths for the sensitivity analysis models 
 

Figures F1 present the maximum water depths predicted in the B and C model, while the 

maximum water depths are displayed for the C1 and C2 models in Figure F2.  

Figure F1. Maximum water depth during a 100-year rain event. Left: model B; right: model 

C. 

Figure F2. Maximum water depth during a 100-year rain event. Left: model C1; right: model 

C2. 
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Appendix G Varying water depths for the sensitivity analysis models 
 

Figures G1-G4 present the predicted water depths during different simulation times in models 

A and C3. While Figures G5-G8 show the predicted water depths for models A and B.   

Figure G1. Water depths after one hour of simulated time for a 100-year rain event. Left: 

model A; right: model C3. 

Figure G2. Water depths after eight hours of simulated time for a 100-year rain event. Left: 

model A; right: model C3. 
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Figure G3. Water depths after 12 hours of simulated time for a 100-year rain event. Left: 

model A; right: model C3. 

 

Figure G4. Water depths (h) after 24 hours of simulated time. Left: model A; right: model C3. 
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Figure G5. Water depths after one and a half hours of simulated time. Left: model A; right: 

model B. 

Figure G6. Water depths after four hours of simulated time. Left: model A; right: model B. 
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Figure G7. Water depths after six hours of simulated time. Left: model A; right: model B. 

Figure G8. Water depths after 24 hours of simulated time. Left: model A; right: model B. 
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Appendix H Varying water levels at nodes 
 

Figures H1-H7 present the variation in surface water levels with time at the selected nodes. 

 

 
Figure H1. The change in surface water levels with time at node 1. The different models are 

represented by the colors described in the graph. 

 
Figure H2. The change in surface water levels with time at node 3. The different models are 

represented by the colors described in the graph. 
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Figure H3. The change in surface water levels with time at node 5. The different models are 

represented by the colors described in the graph. 

 
Figure H4. The change in surface water levels with time at node 6. The different models are 

represented by the colors described in the graph. 
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Figure H5. The change in surface water levels with time at node 8. The different models are 

represented by the colors described in the graph. 

 

 
Figure H6. The change in surface water levels with time at node 9. The different models are 

represented by the colors described in the graph. 
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Figure H7. The change in surface water levels with time at node 11. The different models are 

represented by the colors described in the graph. 
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