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Abstract 

Floods are one of the most common types of natural disasters. They annually affect vast 
amounts of people and cause severe economic losses. While fluvial, coastal, and flash 
floods are well studied, pluvial floods (rain related) have received modest attention from 
researchers and decision-makers in comparison. There are several reasons for this, one 
is that it has been considered a fixed problem with infrastructure and other engineered 
solutions and another is that they are generally undramatic and small-scale. However, as 
cities expand, the environment’s ability to retain and dispose of excess water is inhibited 
and as the frequency of extreme weather events is expected to increase due to climate 
change, the risk associated with pluvial floods has become increasingly recognized.  
 
Commercial and open-source Urban pluvial flood models tend to require advanced 
modelling expertise, considerable computational power, large amounts of input data and 
are often expensive. Consequently, there is less knowledge of flood inundation caused 
by pluvial floods compared to other types. This thesis investigates the Bluespot model, 
which aims to provide an approachable tool to generate an overview of the effects of 
pluvial floods in urban areas. The model requires few input data and is relatively simple 
to perform. Results from the model are compared to the August 2021 flood event in 
Gävle, Sweden. 
 
The study finds that results ranged from accurate to over- and underestimated. Slope and 
incoming water were found to affect the outcome most. Blue spots without the influence 
of streams or other waterways, with a distinct slope were mapped with accuracy and 
showed consistency with coarser resolutions. Consequently, underpasses in the road 
network were mapped with especially good consistency. Further, blue spots within close 
distance to large flow accumulation were underestimated and the accuracy tended to 
decrease with a coarser resolution. The model cannot account for water outside blue 
spots, thus, when large volumes of water accumulate and spread beyond these boarders 
it generates poor results. These areas were found to be efficiently indicated by generating 
a heatmap from high-flow accumulation points. Thus, indicating low confidence and 
where a hydraulic flood model should be performed. Depending on the scope a 1-3m 
resolution is recommended for investigating effects on property etc and a 5-10m 
resolution is sufficient for investigating underpasses, however, a finer resolution will 
generate more accurate results.   

Keywords 

Bluespot model, Urban pluvial flood model, Conceptual pluvial flood model, August 
2021 Flood Gävle. 
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1 Introduction 

Floods are a natural phenomenon that frequently leads to disasters with severe economic 
loss and large numbers of affected people (WMO, 2022a; Azazian & Brocca, 2020; 
Brandt et al. 2021; Muthusamy et al 2021; Bulti & Abebe 2020; Kumar et al. 2020). 
From 1970 to 2019, 38 % of all natural disasters in Europe were caused by floods making 
it the most frequent type of disaster, accounting for about 210 billion US$ or 44% of all 
economic losses during this period (WMO, 2021). In 2021, more than 40 billion US$ in 
economic losses, over 1600 deaths, and millions of displaced people were reported from 
direct causes of flooding (WMO 2022a). Henan province in China experienced extreme 
precipitation with a peak intensity of 201.9mm in one hour, the highest on record in 
China, Western Europe experienced precipitation amounts of about 100-150mm over a 
large area which in relation to an already unusually wet ground led to some of the most 
severe floods on record for the region (WMO 2022a). In the region of Liguria in north-
west Italy, 740.6mm of rain was measured at Rossiglione in a 12-hour period, the most 
ever recorded for a 12-hour period in Europe (WMO 2022b). In August the 6th most 
intense rainfall on record in Sweden occurred in the city of Gävle causing damages for 
over 1.3 billion SEK, more than 50% of the total damages by natural causes in Sweden 
(Sweden Insurance, 2022). Approximately 4000-5000 households experienced flooding 
in their permanent residence (Länsstyrelsen Gävleborg 2022).  
 
Floods are usually categorized into four types, Fluvial, Coastal, Flash, and Pluvial 
(Acosta-Coll, 2018). Fluvial flooding is caused by high flow volumes in rivers and 
occurs when barriers or banks overflow. Coastal flooding occurs when the sea level rises 
above the land elevation and is caused by a variety of reasons like sea level rise, large 
waves, coastal erosion, and failure of manmade barriers. A flash flood is usually caused 
by convective rainstorms over a small area but could also be caused by dam breaks and 
similar events (Acosta-Coll, 2018). Pluvial flooding is related to precipitation events and 
occurs in situations where natural and manmade water retention exceeds its limits and 
overland flow occurs (Rozenzweig et al. 2018; Acosta-Coll 2018; Tyhrsö et al. 2021; 
Cea & Costabile 2022).  
 
Pluvial flooding has received modest attention in the research and political sphere until 
the last decade compared to other types of floods (Sörensen & Mobini 2017, Nicklin et 
al, 2019; Rozenzweig et al. 2021; Cea & Costabile 2022) and still fails to be considered 
in major reports (Feyen et al, 2020). Many countries have flood risk maps over rivers 
but there is rarely a unified approach towards pluvial flood risk (Cea & Costabile, 2022). 
One reason for this is that it has been considered a solved problem, with stormwater 
drainages, sewage systems, and other grey solutions. Another reason is that they are 
undramatic and relatively small scale (Rozenwieg et al. 2018). However, studies find 
that pluvial floods occur with a higher frequency than other types of floods and the 
accumulated economic damages could be equivalent to or even larger in comparison 
(Prokic et al. 2019; Nicklin et al. 2019). It is becoming more apparent that the risk 
associated with pluvial flooding cannot be built away and that other strategies must be 
implemented to create resilient cities for the future (Kumar et al. 2020). Therefore, there 
is a need for more research to develop strategies and mitigation practices (Schanze, 2018; 
Cea & Costabile, 2022) which is also recognized by the European Commission (EC) 
which states there is a need for more research related to extreme precipitation flood 
models (EC, 2021).  
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The high impact of pluvial floods on societies is a synergy effect of climate change and 
land cover change ( Löwe et al. 2017; Thyrsø et al. 2021; Whilborg et al. 2019; Zeng et 
al 2021). Deforestation, urban spread, creation of impermeable surfaces, etc. have a 
major impact on a city’s susceptibility to pluvial floods (Kaspersen et al. 2015; 
Szewrański et al. 2018). The change in land cover inhabits the environment’s ability to 
retain and dispose of excess water through infiltration and evapotranspiration thus 
increasing the likelihood of overland flow to occur (Huang et al. 2020; Sörensen & 
Mobini 2017). Additionally, an expected consequence of climate change is an increase 
in the frequency and intensity of extreme weather events, further increasing the risk 
(ICCP, 2022; WMO 2022b; Prokic et al 2019; Tabari, 2020, Kumar et al 2020). 
 
Another challenge is that grey infrastructure is dimensioned to manage an expected 
volume of water related to a return period. A return period is described as the likelihood 
of a certain event will occur in a year e.g., an event that is expected to have a one percent 
risk of occurring in one year is described as a 100-year event. This is calculated on 
historical precipitation data and is consequently unique for the area of interest. 
Considering climate change is predicted to increase extreme weather events and 
urbanization is expanding cities and changing land cover, the return intervals the 
infrastructure is based on will probably not be accurate for future scenarios (Rozenzweig 
et al 2018).  
 
An important step in flood management and climate adaptation is knowledge of which 
areas are susceptible to a higher risk of flooding (Maranzoni et al, 2022). This allows 
planners to redirect new development from these areas and to plan mitigating strategies 
if identified in already developed areas (Acosta-Coll, 2018). There are several types of 
flood models, ranging from simple models of basic hydrological networks to advanced 
models accounting for hydraulic action, drainage systems, infiltration, and precipitation 
volumes (Bulti & Abebe, 2020). There is also a variety of commercial and open-source 
software’s available for pluvial flood modelling which generates reliable results. 
However, these tends to be complex to operate and require large amounts of input data. 
In addition, they are computationally heavy and often expensive (Rozenzweig et al. 
2021). Typically, they generate results in high resolution often focusing on engineering 
aspects. This level of detail may be unnecessary for more general purposes where a 
coarser resolution with a general overview may be more effective (Balstrøm & 
Crawford, 2018). 
 
As techniques like Light Detection and Ranging (LiDAR) are becoming more common, 
high-resolution Digital Elevation Models (DEM) can be created at a lower price and are 
therefore more widely available (Saksena & Merwade, 2015). As a result, efforts have 
been made to develop simplified pluvial flood models with less data and computing 
requirements based on high resolution DEMs. Many of these models have been 
developed by the so-called Fill-Spill-Merge (FSM) concept (Seleem et al. 2021) and are 
built upon a basic type of pluvial flood models known as a low point model. As the name 
implies, a low point model identifies low points or depressions in the landscape that 
could potentially flood during heavy precipitation. An FSM model builds upon a low 
point model and calculates how depressions fill up, spill over and accumulates. This 
thesis will explore one of these models called the Bluespot model developed for ArcGIS 
Pro by Thomas Balstrøm at the University of Copenhagen (Balstrøm & Crawford, 2018). 
By adding layers, a more dynamic result can be achieved without the need for more input 
data or necessarily increasing the difficulty of use. The only required data is a high-
resolution DEM and not essential but highly recommended, polygons of building 
footprints showing buildings extent. Even if ArcGIS is expensive, it is already used to a 
wide extent and open-source software like QGIS can do the same operations. Thus, 
simple models like the Bluespot model could be a good start in flood management and 
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climate adaptations related to pluvial floods and is accessible to a wide spectrum of 
stakeholders. 
 
There are studies that use the Bluespot model as base for further spatial analysis like 
Pallathadka et. al. (2021) who investigated the spatial distribution of blue green 
infrastructure from a socio-economic perspective. Another example is Baby et al. (2021) 
who identified buildings at risk of flooding from heavy precipitation. However, there is 
no studies found which evaluate the accuracy compared to real flood events. If the results 
generated from the Bluespot model can be considered accurate up to a point in which 
they pinpoint problem areas and give an overview of the general flow over a city, it could 
provide useful information to governments, planners, and citizens alike. It could generate 
awareness of the risks associated with pluvial floods and open for the consideration of 
further studies. In a summary of reports from floods in Sweden between 2014-2021 The 
Swedish Civil Contingencies Agency (MSB) states that a key learning was that risks 
associated with natural phenomenon needs to be incorporated in city planning (MSB, 
2022). The advanced nature of many urban flood models might defeat its purpose, and a 
simpler more general model may be the link that can incorporate flood awareness into 
the planning stages.  
 
This thesis investigates results from the Bluespot model over the city of Gävle, Sweden. 
As the availability of DEMs may vary depending on location, results from the model 
with different DEM resolutions are included. The results are compared to the August 
2021 flood event to evaluate the accuracy, what effect the resolution has on the output, 
and what influences the performance of the model. The aim of this thesis is to answer 
the following questions:  
 

• Does a hydrological 1-D screening model accurately predict pluvial flooding 
using the case of Gävle in August 2021 as an example?  

• How does the DEM resolution affect the result? 

2 Background 

2.1 Climate change and floods 

Due to the use of fossil fuels and consequently the emission of greenhouse gases, the 
climate is changing (IPCC, 2022). The average temperature in Europe has increased by 
0.5°C for the last three consecutive decades (WMO, 2022b). The mean global 
temperature in 2021 was 1.11 ± 0.13°C above the 1850-1900 baseline and the period 
2015-2021 was the warmest on record (WMO, 2022a). As a result, an increase in the 
frequency and intensity of extreme weather events have led to widespread pervasive 
effects on societies, ecosystems, and infrastructure. Furthermore, the observed impacts 
are larger than previously estimated (IPCC, 2022). There is a confirmed connection 
between an increasing temperature and extreme precipitation (Kundzewicz & Pińskwar, 
2022) therefore, pluvial floods are expected to increase in frequency on a global level. 
In an analysis of recorded precipitation volumes on a global scale it was found that 
extreme precipitation has increased during the period 1950-2018. Two thirds of the 
records included in the analysis showed an increase in precipitation and about 10% 
showed a significant increase. It could also be concluded that the trend is global and not 
restricted to specific geographical locations (Sun et al. 2021). For the area of Western 
Europe, north of the Alps up to the Netherlands, the 1-day precipitation maximum has 
increased by 3-19 % compared to pre-industrial baseline and in a climate 2°C warmer 
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than the pre-industrial baseline it will increase by an additional 0.8-6% (Kreienkamp et 
al. 2021). Further, one effect of a melting glaciers and ice sheets is rising sea levels, this 
has an obvious effect of an increased risk of coastal flooding, but a higher water baseline 
also has the effect of a less effective drainage system thus affecting pluvial and fluvial 
flood risk as well (Rosenzwieg et al. 2018).  
 
It is projected to be a strong north-south divide in the expected effects of fluvial flood in 
Europe for the period 2051-2100 compared to the historical period of 1951-2000. Cities 
in Northwestern Europe and Scandinavia could experience up to a 50% increase of 10-
year flow charges in rivers with several cities experiencing more than an 80% increase 
in a high impact scenario, while cities in especially the Mediterranean area could 
experience a decrease of 10-year charges (Gurriero et al. 2018). Therefore, contrary to 
pluvial floods, it cannot be concluded that fluvial floods will increase in frequency on a 
global scale (Kundzewicz & Pińskwar, 2022), but it is likely the frequency will increase 
in northern latitudes. What future effects a warmer climate will bring is widely discussed, 
but research is confident that the trend of an increase in the extent and intensity of 
extreme weather events will continue (Kumar et al. 2020). Which can lead to the 
displacement of people, food insecurity, political insecurity, and more unequal living 
conditions across the planet (IPCC, 2022; WMO, 2022a). 

2.2 Pluvial Flood 

Pluvial floods are caused by heavy precipitation and usually occur in relation to high-
intensity, short-duration precipitation, or to long-duration precipitation (Prokic et al. 
2019). When infrastructure such as storm drains and sewage systems exceed its capacity 
and natural surfaces get saturated, overland flow occurs which is the root cause of this 
type of flood (Acosta-Coll, 2018). Precipitation can occur almost everywhere, thus 
pluvial floods it is not related to any sort of water bodies and is usually highly local and 
difficult to forecast. The susceptibility of an area depends on local features like drainage 
systems, topography, soil characteristics, drainage basin characteristics, and land cover 
(Acosta-Coll, 2018).  
 
An expanding city increases the strain on drainage systems and other engineered 
solutions (Prokic et al. 2019). This type of infrastructure is as earlier mentioned 
dimensioned according to return intervals. Return intervals are considered static but as 
the environment and the climate change, it is likely they will not be accurate for a future 
scenario (Rozenzwieg et al 2018). Drainage systems are also dependent on regular 
maintenance and have a life expectancy, something that is often not up to acceptable 
standards (Prokic et al. 2019). Therefore, the habit of considering pluvial flood risk as a 
problem that can be engineered away is not sufficient anymore (Cea & Costabile, 2022). 
An important step towards making cities resilient for the future is to implement strategies 
to minimize the negative effects of climate change. To achieve this, it is essential that 
we have knowledge of how a flood will affect a city. With that knowledge, it is possible 
to locate risk areas, steer away development from unsuitable locations, and plan for the 
implementation of mitigation strategies. Thus, pluvial flood models are an important part 
of climate adaptation cities (Acosta-Coll 2018).  

2.3 Urban Pluvial Flood Models 

Urban pluvial flood models are usually categorized as Hydrodynamic/Hydraulic Models 
and Hydrological models. Hydrodynamic refers to water in motion and Hydraulic refers 
to the mechanical properties of water (Dantec Dynamics, 2023) but the terms are used 
interchangeably in this context. These models are the most common approach and are 
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usually based on Shallow Water Equations (SWEs) (Teng et al. 2017; Cea & Costabile, 
2020). Hydrological refers to how water bodies relate on the surface are relatively simple 
type of model as they do not consider temporal or physical processes. As high resolution 
DEMs have become more commonly available, efforts have been made to create simpler 
hydrological models as a trade-off against the heavy computational requirements of 
hydrodynamic models (Seleem et al 2021). These models are often referred to as 
conceptual models (Teng et al. 2017) where the Bluespot model is included.   
 
There are three general types of approaches for hydrodynamic pluvial flood models: 1D 
model, 2D model or overland flow model, and coupled models (1D-1D and 2D-1D) 
(Bulti & Abebe, 2020)  
 

• 1D models can be used for both overland and drainage systems. They calculate 
flowing water as it moves in through a series of links and nodes. In overland this 
is represented by blue spots and streams and in the sewage network it is 
represented by conduits and manholes (Bulti & Abebe, 2020). The advantages 
are that the models are relatively easy to perform, require few input data, are fast 
to compute and inexpensive. Negative aspects are that they only show flow in 
one direction, they generate rough results with less confidence and flow 
direction is solely based on elevation data (Bulti & Abebe, 2020).  
 

• 2D or overland flow models describes how water flows through the study area. 
They account for water volumes, surface roughness, absorption, and 
evapotranspiration and can simulate precipitation events. The advantages are a 
good representation of flood scenarios and accurate enough to be used in 
planning. Negative aspects are that they require more data in the form of land 
use, soil maps, and meteorological data. They account for drainage systems with 
a standard deduction thus generating less confidence in the results. They require 
more preparation in assigning roughness values to land cover, need more 
expertise to perform and require substantial computational power (MSB, 2017).  
 

• 2D-1D or Coupled models combine overland systems with drainage systems. 
These types of models are considered to generate the best representation of flood 
inundation in urban areas (Rozenzweig et al 2021; Seleem et al. 2021; Lou et al. 
2022; Reinstaller et al. 2022), however, this comes at the cost of long computing 
times and a lot of data requirements. These models are complex and need special 
expertise to operate (Bulti & Abebe, 2020). 
 

Common approaches for conceptual flood models are the Rapid Flood Spreading 
Method (RFSM) where a total volume of water that represents precipitation volume is 
distributed in depressions over the study area (Bulti & Abebe, 2020) and FSM models 
like the Bluespot model which calculates how depressions fill up and spill over (Seleem 
et al. 2021). The advantages of conceptual models are that they are less data intensive 
and substantially faster to operate. They are also developed for specific purposes and 
therefore specific limitations may be tolerated e.g., the Bluespot models aim to generate 
a more general overview for planners thus technical aspects are of less concern (Balstrøm 
& Crawford, 2018). The negative aspects are larger uncertainty in the results, no 
representation of drainage systems, and no consideration for time and physical 
processes.  
 
There are several specifically developed software’s focusing on urban flood modelling. 
Some of the most common are SWMM (Storm Water Management Model, EPA, 2023), 
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MIKE Flood (MIKE, DHI, 2023), Scalgo live (Scalgo, 2023). LISFLOOD (Knijf et al. 
2010). These models can generate accurate results and are useful tools in flood 
management. However, except for Scalgo they require expertise and a lot of input data. 
In addition, they are often expensive, and the required computing capacity is substantial 
thus stakeholders with limited resources might find them unfeasible to perform 
(Rozenzweig et al 2021). 

2.4 DEM and Resolution 

A Digital Elevation Model (DEM) is a general name describing a dataset that represents 
the elevation of a geographical area and is the base for all hydrological models. A DEM 
is usually in raster format and consists of a grid of cells over a specific area. Each cell 
has a value that represents the height above a reference surface called a vertical datum. 
The vertical datum has the value zero and usually refers to the sea level. A DEM can be 
categorised into two types: 

Digital Surface Model (DSM) represents the top of the surface, it incorporates all man-
made and natural objects like buildings, bridges, and trees, (Figure 1). A DSM is 
commonly used in urban planning for example to investigate how new structures will 
affect views.  
 
Digital Terrain Model (DTM) represents the elevation at ground level. It represents the 
area as a smooth surface without trees and buildings (Figure 1). A DTM is commonly 
used to generate hill shade, slope and in hydrological models.  
 

  
Figure 1. The blue line shows how a DSM represents the elevation and the green line shows how 
a DTM represents the elevation. 

There is inconsistency in how the terms DEM and DTM are applied. They are often used 
interchangeably, but there are instances where a DEM is referred to as the elevation at 
ground level while the DTM incorporates waterbodies and contour lines. However, from 
here the terms are used as described above. The term resolution related to DEMs can 
often be a source of confusion as it can relate to different aspects of digital mapping and 
is often used improperly and without clarity (Polidori & El Hage 2020). The term 
resolution describes the ability of the DEM to detect an object or point of interest. 
Although, from here the term resolution in relation to DEM refers to the square cell size.  
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2.5 August 2021 flood event in Gävle, Sweden 

On the 17-18 of August 2021, a record-breaking downpour fell over the city of Gävle, 
Sweden. A total of 161,7mm was recorded during a 24-hour period with a peak intensity 
of 101mm in two hours (Länstyrelsen Gävleborg, 2022). It was the sixth most intense 
precipitation event during a 24-hour period on record in Sweden and it was the highest 
intensity for a 2,4,6 and 12 hours period (SMHI, 2022). SMHI announced a warning on 
the 15th of August for high volumes of precipitation, later, on the 17th they raised the 
warning to class 2 with expected amounts of 70-100mm. At around 00.00 on the 18th 

heavy precipitation occurred where 101mm of precipitation was measured between 00-
02 this continued and the total amount for the 24-hour period was 161,7mm 
(Länsstyrelsen Gävleborg, 2022). The high-intensity rainfall resulted in widespread 
floods over the region of Gävleborg with an epicentre in the city of Gävle. For several 
days low-lying areas remained inundated, roads were undrivable and about 4000-5000 
permanent residences were flooded. Fortunately, no fatal accident occurred, the most 
dangerous incident happened at the campus of the University of Gävle (Högskolan i 
Gävle, HiG) where the ground around a student housing building was eroded which 
exposed the foundation and causing a risk of collapse (Länsstyrelsen Gävleborg, 2022). 
A report from Insurance Sweden (2022) states that about 1,3 billion SEK was paid out 
in insurance claims in the Gävleborg region, this represents 56% of the total amount of 
insurance pay-outs related to natural causes for all of Sweden in 2021 (Insurance 
Sweden, 2022).  

3 Method 

3.1 Study Area 

Gävle is located 170 km north of Stockholm on the east coast of Sweden at 60°N. It is 
the 18th largest city in Sweden in terms of inhabitants with a population of about 103000 
(SCB, 2022). Since 1950 the population has increased from 71400 inhabitants to today’s 
103000 which gives an increase of about 44% (SCB, 2022). The study area covers 203 
km2 and includes the city of Gävle and intersecting catchments (Figure 2). 
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Figure 2. Overview of the study area. The red line indicates the urban area of Gävle and the grey 
lines represent intersecting catchments. Source: Lantmäteriet, SCB, SVAR. SWEREF99 16 30. 

The centre and the south part of the study area are relatively flat with a larger elevation 
difference to the north and northwest. The average height above sea level within the city 
is 8m and the highest point in the study area is 97m. The land cover mainly consists of 
a typical city structure of high-intensity residential areas in the centre and low-intensity 
residential areas further out. The surrounding land cover mainly consists of coniferous 
forest with some cropland (Figure 2). Two rivers have their outlet in Gävle, Gavleån 
runs west to east through the centre of the city, and Testoboån runs from north to south 
with an outlet just north of Gavleåns outlet. The climate is classified as Continental 
humid warm summer according to the Köppen climate classification system and is 
located on the southern border of the boreal belt. It receives an average of 620mm of 
precipitation annually with peak intensity in August. The annual average temperature is 
6.5°C. The soil mainly consists of Till, Sandy Till, Glacial clay, and Postglacial sand 
(Figure 3). 
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Figure 1. Soil map of the study area. Source: SGU. SWEREF99 16 30.  

3.2 Data 

Data used for this project is provided by Swedish national land survey (Lantmäteriet), 
Svenskt Vattenarkiv (SVAR) and The Swedish Meteorological and Hydrological 
Institute (SMHI), Statistics Sweden (SCB), and Gävle Municipality (Table 1).  
 
Table 1. Table showing Data used in the project. 

Type Name Description  Date of 
productio
n  

Distributor Origin 

TIF Markhöjdsmo
dell 
grid1+.TIF 

Digital 
Elevation 
Model. 1 m 
resolution. 

2010-04-
02  

Lantmäteriet Lantmateriet.se 

Shp Aro_y_2016_
3.shp 

Catchments 
as polygons. 

2017-09-
12 

SVAR Smhi.se 

Shp Baskarta_byg
gnad.shp 

Building 
footprints as 
polygons 

2019 Gävle 
Municipality 

Gavle.se 

Gpkg Tatorter_1980
_2020.gpkg 

Urban Areas 
as polygons 

Unknown SCB Scb.se 
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3.2.1 DEM  

The DEM “National Höjdmodel 1m+ grid” provided by the Swedish national land 
survey (Lantmäteriet) is in 1m grid resolution generated from LiDAR data with 
interpolation through a TIN. The product has a linear accuracy of 0.3m and a vertical 
accuracy of 0.1m. It is delivered projected to the reference system SWEREF 99TM in 
plane and RH2000 in height. It is corrected for underpasses for major roads and 
intersections.  
 

3.2.2 Catchments 

The data is provided by Svenskt Vatten Arkiv (SVAR) through SMHI and represents the 
finest categorization in drainage basins. The sub-catchment is defined by the upstream 
area of a given outlet in a water body. The dataset covers all of Sweden and contains 
53760 polygons and are delivered projected to the reference system SWEREF 99TM.  
 

3.2.3 Building footprints 

The building footprints are provided by the municipality of Gävle and contain polygons 
with building descriptions. The data is delivered projected to the reference system 
SWEREF 99 16 30.  

3.2.4 Tätortsdata 

Tätortsdata is an open dataset provided by SCB containing 2017 polygons covering all 
of Sweden’s urban areas and is projected to SWEREF 99TM. SCB defines an urban area 
as a contiguous built-up area with at least 200 permanent residences. The maximum 
distance between houses at the core of the urban area is 150 meters and no more than 
500 meters in the outer parts. Areas like sports fields and cemeteries are included in an 
urban area while elements like water without bridge connections act as barriers.    

3.3 Bluespot model 

The method builds upon Balstrøm & Crawford (2018) and is provided with scripts at 
ArcGIS learn (ArcGIS, 2023). The model assumes a uniform rain event and Hortonian 
flow conditions (Balstrøm & Crawford, 2018). It is a 1D hydrological screening model 
that maps depressions in the landscape, their local watershed, pourpoint, and at what 
precipitation volume they fill up and spill over. The required data is a DTM that has been 
hydrologically corrected and, not essential but highly recommended, building footprints. 
 
The Bluespot model utilizes both raster and vector data to run as efficiently as possible 
(Balstrøm & Crawford 2018). High-resolution DEMs are usually large raster datasets 
that are computationally heavy to process. GIS programs have been able to do 
hydrological operations like flow paths etc. for a long time. However, as high-resolution 
DEMs are becoming more available new opportunities and challenges arise in utilizing 
these data sets in hydrological models (Balstrøm & Crawford 2018). The Bluespot model 
presents a hybrid approach to process the data by calculating depressions and pourpoints 
in raster format, then transforming the data to the more manageable and scalable vector 
format for further operations. This enables greatly improved computing times and file 
sizes, and it also allows for changes and add-ons without redoing the whole process.   
 
The model identifies depressions in the landscape with the tool fill in ArcGIS which fill 
sinks in the elevation. A sink is defined as an area where no surrounding cells have a 
lower value, therefore it has no defined drainage direction. This generates a consistent 
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slope through the whole dataset. It then subtracts the original DTM from the filled DTM 
resulting in areas called blue spots symbolizing flooded areas (Figure 4). After that it 
calculates the capacity and establishes the local watershed and pourpoint for each blue 
spot, through the pourpoints a hydrological network is created symbolized by streams. 
The network has a topology with a hierarchical order and can only run in one direction. 
After this a simulated precipitation event is calculated by multiplying each cell with a 
precipitation value which generates a volume of water in each blue spot. The volume is 
then subtracted by the capacity of the blue spot, if the volume exceeds the capacity, the 
excess volume is passed down the hydrological network (Fig 5). Thus, simulating 
precipitation events and flow accumulation.     
 

 
Figure 2. Image showing an intersection of a landscape with blue spots in blue and pourpoints as 
red dots. Source: Balstrøm and Crawford, 2018. 

 
An attempt was made to reproduce the entire model in ArcGIS using built-in tools, 
however, there are certain steps that cannot be done without using scripts.  
 
The first is to locate the pourpoint in each blue spot. This is done by locating the lowest 
point and then through an iterative process expanding to the next cell until there is a 
drainage direction, thus finding the place where the water spill over.  
 
The second is to create nodes and edges. To be able to trace accumulated flow in the 
hydrologic network a topology must be established. There must be a one-direction flow, 
a unique start and end to a stream and there must be nodes at junctions where two streams 
merge into one. The script establishes this and is built upon the pourpoints layer. 
 
The third is to simulate the precipitation event. By adding fields in the nodes layer for 
different volumes of precipitation and then calculating the precipitation volume times 
the local watershed, the volume of water that enters a blue spot can be simulated. For 
example, if the watershed has an area of 1000m2 and a rain event of 50mm occurs the 
volume would be: 0.05 * 1000 = 50m3 
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Figure 3. Image showing calculations for flow accumulation. The first number represents the 
volume of water, the second number represents the capacity of the blue spot. Source: Balstrøm 
and Crawford, 2018. 
 
The fourth is to calculate spillover volumes. The incoming water is added to the actual 
volume of the blue spot and subtracted by the capacity. If the volume is greater than the 
capacity the excess volume gets passed further down. The script uses the formula: 
SpillOverOut = SpillOverIn + RainVolume – Capacity (Fig 5). This simulates the flow 
accumulation.   
 
The third and the fourth step could be calculated with map algebra in ArcGIS but because 
of the number of calculations, it is unrealistic to do without a script.  
 
By incorporating these layers, the Bluespot model achieves some qualities resembling a 
2D model. It simulates precipitation volumes, calculates accumulated flow, and 
establishes a hierarchical order. This enables the possibility to quantify risk for 
individual blue spots and streams and makes it possible to analyse upstream mitigation 
strategies which are some of the same reasons why a low point model is not 
recommended for other purposes than an overview of potential problem areas (MSB, 
2017). It still lacks the dimension of time, infiltration properties, and cannot show flow 
in multiple directions.  
 

3.4 Procedure 

The model is carried out using ArcGIS Pro 2.9.5. All data were projected to the local 
spatial reference of SWEREF 99 16 30 before further processing. 

3.4.1 Derive study area 

The study area is derived through the dataset “Tätortsdata” provided by SCB which is a 
dataset consisting of polygons for all of Sweden’s urban areas. The Bluespot model 
requires a complete catchment area and the dataset “Avrinningsområden” from SVAR 
provided by SMHI which consists of polygons covering all of Sweden was used. By 
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selecting all intersecting catchments with the urban area of Gävle, 32 sub-catchments 
were selected (Figure 2).  

3.4.2 Data preparation 

The study area generated in the previous step was used to delineate the DTM 
“markhöjdsdata grid1+”. The DTM was then resampled using bilinear convolution to 
3m, 5m, and 10m resolution. Bilinear convolution applies a new cell value based on a 
weighted distance of the four closest cells and is appropriate for continuous data (ArcGIS 
Pro, Resampling methods, 2023). Bilinear convolution was chosen over Qubic 
convolution because it has a less smoothing effect on the resulting DTM and requires 
less computational time.  
 
The Baltic Sea and the two major rivers, Gavleån and Testeboån was cut out from the 
DTM because these are considered endpoints to the hydrological system.  
 
The building dataset is aggregated so no enclosed areas exist within a building that could 
“trap” water. This was done by aggregating all polygons with the cell size of the spatial 
resolution, then union all polygons to establish a spatial relationship, and then dissolve 
to make the polygons appear as one. The building footprints are then “stamped” to the 
DTM by assigning a value of 30000 to the polygon and then adding the value to the 
DTM. This is done to simulate buildings taking up volume thus affecting the spread of 
blue spots.   
 
To achieve reliable results, it is necessary to hydrologically correct the DTM which 
means correcting for landscape features like underpasses, bridges, drums under roads, 
etc, all structures that have space for water to flow underneath them. This is done by a 
laborious manual work process and is one of the most time-consuming steps in preparing 
the model. By manually adding a polyline across features where the DTM needs 
corrections, for example, through a road, a mean value was calculated from the endpoints 
Z values, the mean value is then assigned to the polyline. This value was then “burned” 
into the DTM by replacing the original value, generating something that resembles a 
ditch. Since the model doesn’t take hydraulics into consideration this one cell wide ditch 
is sufficient to establish the hydrological network. The time-consuming part consists of 
identifying where these corrections need to be done. Here it was done by using 
infrastructure- and hydrological data combined with the results from a test run of the 
model with a DTM that had not been hydrologically corrected. Typically, large blue 
spots appear close to infrastructure such as roads and railroads. Where errors are 
identified, a polyline is created where the underpass should be. The “Markhöjdmodel 
grid 1+” DTM that was used in this project has already been corrected for major road 
networks, it is however still necessary to correct for smaller underpasses and streams etc.  
 
The datasets of the aggregated building footprints and the created dataset of polylines 
for hydro corrections can be used for all resolutions. 

3.4.3 Running the model  

The hydrologically corrected DTM with building footprints was used as input to run the 
model. The parameters selected were:  
 
Min Volume: 10 m3     Min Depth: 0.1m     Rain Start Value: 20mm     Rain End Value: 
200mm                       Rain Increment Value: 10mm.  
 
The Min Volume filters away all blue spots that have a volume of less than 10 m3, this 
was chosen to avoid vast amounts of blue spots, and with the assumption that volumes 
lower than 10 m3 is of less concern. Min Depth filters out all blue spots that have a 
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minimum depth of < 0.1 meters. This is to decrease the number of blue spots, but it is 
also recommended to exclude blue spots shallower than the vertical accuracy of the DTM 
which is 0.1m (ArcGIS learn, 2023). Rain Start Value is the lowest precipitation event 
calculated, Rain End Value is the highest precipitation event calculated and Rain 
Increment Value is the interval at which precipitation events are calculated.  
 
The process is then repeated with the resampled 3m, 5m, and 10m DTM.  

3.4.4 Analysis 

Since there is no official flood data available, most validation data was sourced from the 
internet as photographs of flooded areas. Keywords used were:  
 
“Översvämmning Gävle 2021” “Skyfall Gävle 2021” “Översvämmning Gävleborg 
2021” “Skyfall Gävleborg 2021” “Översvämmingar Augusti 2021” “Floods Sweden 
August 2021” “Floods Gavle August 2021”.   
 
Images were collected from websites, as screenshots from YouTube videos, and some 
were sourced through correspondence with people living in the city. These images were 
then visually compared to the results from the model to investigate the accuracy of the 
model and how the input DTM resolution affects the results. Further, the values 
generated for a 100mm event was compared to investigate if they can be linked to the 
accuracy of the blue spot. 100mm was chosen because MSB recommends a standard 
deduction of a 10-year return event for 2D models where the sewage system is not 
considered (MSB, 2017) which in this case this would be 100mm (Länsstyrelsen 
Gävleborg, 2016). Elevation profiles based on the DTM “markhöjdsmodell grid 1+” 
were generated over the blue spots to investigate the relationship with slope and model 
performance. The elevation profile is only mentioned in the results but provided in the 
appendix. Reference points were added to both the results from the model and the 
photograph to help with orientation.  
 
Further, nodes with high accumulated flow volumes were visualized as a Heat Map with 
the data “SpillOverOut200mm”. The SpillOverOut data quantifies the volume of water 
that is passed along further down the hydrological network thus highlighting areas within 
the study area predicted to experience the most severe flow volumes.   

4 Results 

Examples from the results generated by the model are presented with photographs of 
flooded areas. From here on the word image is referring to the results from the model 
and the word photograph refers to the reference material. Reference points (RP) have 
been added to both images and photographs to help with orientation when examining the 
results. Links to the source material are provided after the reference list and in the 
appendix.  
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4.1 Blue spots 

4.1.1 Södra kolonin 

 

Figure 4. The north part of Södra kolonin. The blue spot is mapped with good precision in all 
resolutions although with some underestimation. The flooded backyards by RP1 follow the arch 
in the photograph but is slightly underestimated. Northwest from RP3 there is an intersection 
where some people are standing. This lines up well with the other side of the blue spot, indicating 
the blue spot is mapped with precision all around. Source: Image, Lantmäteriet SWEREF99 16 
30.  

The north part of Södra kolonin (Figure 6) is mapped with good accuracy and precision 
in all three resolutions. By RP1 the blue spot arch into the backyards on the northwest 
side of the cottages and matches the photograph well but with some underestimation. 
Following the path northwest from RP3, the flooded area ends by the intersection where 
some people are standing in the photograph. This is accurately mapped in all three 
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resolutions although there are some inconsistencies to the left of that intersection, 
unfortunately, it is not possible to investigate the reasons for this since there is not any 
visual reference for the area. The dry spots in the middle of the image are due to building 
footprints being stamped into the model. It is not possible to be precise considering the 
reference material, but it is possible to conclude that the area is mapped with good results 
and that the resolution of the DTM did not affect the results to a great extent. This is an 
allotment area which were originally created to improve the quality of life for workers 
in the city by providing a place to grow vegetables and herbs. They became popular in 
Sweden in the late 19th century and are still used in a similar manner but have over time 
evolved to be summer cottages. Consequently, the soil has been used and processed for 
a long time which could suggest it is compact. It also means that the cottages are not 
permanent residences and fall outside standard regulations which could mean that there 
is no drainage etc. 

 

Figure 5. The southern part of Södra kolonin. The blue spot is underestimated in all resolutions. 
The area around RP2 and RP3 are mapped to be dry but are visibly flooded. While the 1m and 
3m resolution results are similar the 5m resolution generates severely worse results. Source: 
Image, Lantmäteriet. SWEREF99 16 30. 
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The south part of Södra kolonin (Figure 7) is in the same location and used in the same 
way as above but separated by a parking lot and a green space. The blue spot is 
underestimated in all resolutions, the area by RP2 is mapped to be dry but is visibly 
flooded with the same situation by RP3. There are also large differences between the 3m 
and 5m resolution. As the area can be assumed to have similar soil conditions as the 
north part it can be excluded as factor. There are two main differences, the elevation 
difference is only about 0.2 meters from north-south and west-east, and there is a stream 
nearby. The stream is the main drainage path for a large sub-catchment and carried high 
volumes of water during and after the event. The stream goes through a drum underneath 
the railroad (Figure 7) which most likely exceeded its capacity and may also have been 
clogged by debris further accumulating water here. The result suggests that the margin 
for error is smaller as the resolution gets coarser. None of the results mapped the blue 
spot well, but the accuracy deteriorates with coarser resolution. It also suggests that slope 
and hydraulic factors have an impact on the performance of the model. 

4.1.2 Hemsta 

The blue spot in the parking square in Hemsta (Figure 8) is underestimated. The results 
show an inundated area around the edges of the square, but in the photograph, the area 
is flooded to a large extent and the only dry spot is by RP1. There are inconsistencies in 
the different resolutions in this example which is especially visible in the left part of the 
image. At this large scale, it is more apparent that the cell size of the DTM affects the 
result. The area is flat with about a 15cm height difference from RP1 to surrounding 
areas, according to the results the blue spot does not have incoming water from above in 
the system. However, it is near the Hemlingby stream which carried large volumes of 
water and generated underestimations at other blue spots. Thus, it is a possibility that the 
area received incoming water which is not accounted for in the model results.    
 

 
Figure 8. Left is a Parking space in Hemsta. The blue spot is underestimated in all resolutions. 
The square is almost completely flooded except by RP1 while the result from the model estimates 
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a much smaller flooded area. To the right is a green field and a parking lot in Hemsta. The blue 
spot is underestimated in all resolutions, the parking lot by the RP is flooded but missed in the 
results. The 1m resolution map the edge of the blues spot towards the road with good precision. 
Source: Image, Lantmäteriet. SWEREF99 16 30 
 
The blue spot with the green field and parking lot in Hemsta (Figure 8) is underestimated. 
The results show that the blue spot will reach a few meters into the parking lot close to 
the RP while the photograph shows the whole parking lot flooded. However, the 1m 
resolution map the edge of the blue spot towards the road with good precision. The edge 
towards the road has a distinct slope and it is apparent at this large scale that there are 
more inconsistencies as the resolution gets coarser. There is a distinct slope eastward to 
the parking lot, from there the elevation is relatively flat with a difference of about 15cm.  
 
The blue spot by the garage in Hemsta (Figure 9) is mapped with good precision but 
with some underestimation. By RP2 there is a small stretch of dry ground in front of the 
garages, especially the 1m result follows that dry stretch well. The water reaches the 
grass in the photograph by RP3 while the edge of the water in the results ends a bit 
before. The coarser resolution is less precise due to the cell size but overall, this blue 
spot is mapped with good results in all resolutions. This area has a bowl shape with a 
distinct slope where the difference is about 35cm from the camera view to the middle of 
the blue spot and then back to the same elevation by RP3.  
 

 
Figure 9. A garage and parking space in Hemsta. The blue spot is mapped with good precision 
in the 1m resolution, notice the dry ground in front of the garage by RP2. The 3 and 5m 
resolution still generates good results, but the cell size becomes more apparent at this larger 
scale. Source: Image, Lantmäteriet, Photograph: Viktor Nyberg. SWEREF99 16 30. 
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The examples are mapped with various results, from poor to good. The examples are in 
close vicinity to each other and have similar values (Table 2) what differentiate them are 
slope. Thus, indicating that it is an important factor for the results. 
 

4.1.3 Hemlingby 

The blue spot by the T-intersection (Figure 10) shows accurate results, especially in the 
1m resolution. The curve by RP1 is well defined and mapped with precision. By RP2 
the shadow of the trees can be seen in the image and compared to the photograph the 
blue spot is well defined on that side as well. Close to the camera view there is a three-
pixel wide dry spot which is accurately mapped. Overall, this blue spot is mapped with 
good results in all resolutions but again it is clear that the coarser resolutions are less 
precise. There is a distinct slope with a bowl shape on both sides of the road with about 
20cm elevation difference.     
 

 
Figure 10. To the left is a T-intersection in Hemlingby. The blue spot is mapped with good 
precision, especially in the 1m resolution, notice the curve by RP1 and the small patch of dry 
ground close to the camera view in the photograph. To the right is A Blue spot by the chapel and 
rowhouses in Hemlingby. The blue spots are mapped similarly but underestimated in all 
resolutions. The area between RP1 and RP2 is flooded but mapped to be dry in the results. Source: 
Image, Lantmäteriet SWEREF99 16 30. 

 
The blue spot by the chapel in Hemlingby (Figure 10) is underestimated. The area around 
RP1 up to RP2 is mapped as dry but is flooded in the photograph except for a small patch 
of grass. All results are underestimated but, in this example, the coarser resolution 
generates a result more like the real event. The area has relatively large elevation 
differences thus, in this example the results suggest something other than slope affect 
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the outcome. Furthermore, it is apparent that the larger blue spot in the background has 
merged with the blue spot in front of the chapel and this likely affect the outcome. 
 
The blue spot is underestimated by the houses in Hemlingby (Figure 11). Between RP1 
and RP2 the results show a dry spot in the backyard, but this is visibly flooded in the 
photograph. It is difficult to make any other assumptions as there are no visible reference 
points like an edge of the flooded area. This is technically the same blue spot as by the 
chapel (Figure 12) but included separately as it shows that the results are accurate. The 
houses most likely experienced severe water damage, and if analysing results from the 
model only, they would be marked as a high-risk area. Thus, in this example, the model 
performs well. Furthermore, in this example the differences between the resolutions 
could be considered dispensable.  
 

 
Figure 11. Image showing blue spots by houses in Hemlingby. The blue spot is similar in 
all resolutions but is underestimated, this is visible in the garden between RP1 and RP2 
which is flooded in the photograph but not in the results. Source: Image, Lantmäteriet. 
SWEREF99 16 30. 

 
The results from Hemlingby show various results. The T-intersection is mapped with 
good accuracy and precision around the edges while the blue spot by the chapel is 
severely underestimated. Both blue spots have similar values (Table 2), have relatively 
large elevation differences and are in close vicinity. Thus, contrary to the results from 
Hemsta, slope does not seem to be the main influence on the outcome. The larger blue 
spot in the background by the chapel (Figure 10) is most likely what influences the result. 
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4.1.4 Sörby Urfjäll 

The blue spot in Sörby urfjäll is accurately mapped (Figure 12). The water level by RP1 
is about 0,1m in all resolutions which seems plausible judging by the photograph. The 
strip of grass between the road and the flooded area in the lower right photograph is 
mapped accurately, especially the 1m resolution. In the upper right photograph, the 
flagpoles to the right stand by the water line, the shadows from the flag poles can be seen 
in the image and match the mapped blue spot well. The different resolutions map this 
blue spot similarly with the biggest difference at the edges due to the cell size. There is 
a distinct slope towards the road and again this shows that slope is an important factor.  
 

 

Figure 12.  A flooded office building and parking lot at Sörby urfjäll. The blue spot is mapped 
with precision in all resolutions. The entrance by RP1 is about 0,1m in depth in all resolutions 
which seems plausible looking at the photograph. The flagpoles to the right in the photograph 
with RP2 stand on the edge of the water. This is accurate compared to the shadows in the image 
to the left.  Source: Image, Lantmäteriet. SWEREF99 16 30. 

4.1.5 Fjällbacken 

Fjällbacken is underestimated in all three resolutions (Figure 13) but becomes 
progressively worse with a coarser resolution. The result show that a coarser resolution 
has a larger potential for error when the area contains small elevation differences. This 
is further down the same sub-catchment as Hemlingby, Hemsta, and Södra kolonin and 
is in direct connection to the Hemlingby stream which can be seen on both sides of the 
road from RP1 in the image. This stream carried very high volumes of water (Table 2), 
and it is possible that the drum underneath the road is clogged or has reached its capacity. 
Looking at RP1 in the photograph it is visible that large amounts of water are flowing in 
a north-western direction passing over the road instead of underneath. 
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Figure 13. The image shows a blue spot on the COOP Fjällbacken parking lot mapped in three 
resolutions. Looking at RP2 the size of all blue spots is underestimated with decreasing precision 
with coarser resolution. By RP1 it is visible that large amount of water is flowing in a north-
eastern direction. Source: Image, Lantmäteriet. SWEREF99 16 30. 

4.2 Flood accumulation values 

The generated data for 100mm precipitation from the 1m DTM (table 2) do not show 
any common denominator that can be linked to the outcome other than the large values 
for spill in and spill out volumes of the southern part of Södra kolonin and Fjällbacken 
which generated inaccurate inundations. The Hemlingby T-intersection and Hemlingby 
chapel are in close vicinity and have similar proportions of spill in and spill out volumes 
but generated different results. It is a similar situation with the Hemsta Parking Square 
and Hemsta Garage, they show similar values but generated different results. 
Furthermore, the Hemsta greenfield and parking lot (Figure 8) has almost no spill out 
but in the photograph, there is flowing water out of the blue spot. Consequently, besides 
large flow accumulation the results suggest it is not possible to evaluate the accuracy 
from data values alone.  
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Table 2. Table showing generated values for a 100mm precipitation event for the examples above. 
Rows in green represent accurately mapped blue spots and rows in red represent less accurately 
mapped blue spots. 

Name Capacity(m3) Rain 
Volume(m3) 

Spill in(m3) Spill out 
(m3) 

Max 
Depth (m) 

Södra kolonin 
(north)  

18250 12670 51460 45880 1,85 

Södra kolonin 
(south)  

23795 16427 480971 473603 4,41 

Hemsta 
Parking Square  

108 800 837 1528 0,35 

Hemsta 
Roundabout  

336 347 0 12 0,63 

Hemsta 
Garage  

85 563 94 516 0,35 

Hemlingby T-
intersection  

185 1420 11964 13200 0,37 

Hemlingby 
Chapel  

900 3611 11872 14584 1,3 

Fjällbacken  4185 14196 500468 510479 1,92 
Sörby Urfjäll  25187 8290 18704 1808 4,52 

 

Comparing the effects of resolution on extent and depth it can be concluded that the 
extent contains noise as blue spots intersect with other at different resolutions. 
Considering the max depth, the results suggest that a finer resolution generates a deeper 
max depth (Table 3).    
 
Table 3. Table showing generated values for extent and maximum depth for blue spots in three 
different resolutions. Green rows represent accurately mapped blue spots and red rows represent 
less accurately mapped blue spots. 

Name Extent (m2) Max Depth (m) 

Name Resolution 1m 3m 5m 1m 3m 5m 

Södra kolonin (north) 45960 41886 28975 1.85 1.80 1.74 
Södra kolonin (south) 47616 73602 25650 4.41 4.46 3.87 
Hemsta Parking Square 1391 1881 1675 0.35 0.27 0.23 
Hemsta Roundabout 1192 1197 1150 0.63 0.60 0.57 
Hemsta Garage 593 612 575 0.35 0.30 0.27 
Hemlingby T-intersection 1479 1647 1775 0.37 0.35 0,43 
Hemlingby Chapel 5788 5940 8350 1.30 1.20 1.09 
Fjällbacken 10627 9684 3675 1.92 1.84 1.59 
Sörby Urfjäll 25194 73602 26650 4.52 4.46 4,50 
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4.3 Underpasses 

At least four major underpasses were flooded to an extent where they became undrivable. 
These roads are important to the road network and the flow of traffic in the city. The 
results from all three resolutions show good performance and since flooded roads 
concern the ability to use the road, the actual level of water is less important. Because of 
this, an additional iteration of the model was carried out with a 10m resolution DTM to 
investigate if it would generate acceptable results. This was done since a DTM of 10 
meters will run at a fraction of the time and could be used to cover a larger area. 

4.3.1 Norrtull 

The blue spot in the underpass at Norrtull is consistent in all resolutions but severely 
overestimated (Figure 14). The flooded area ends between RP1 and the camera view and 
at about the same distance on the north side of the underpass. This is considerably less 
than the results from the model show. This could be due to the time that passed from the 
event until the photograph was taken, which is not known. It could also be due to a larger 
capacity to remove water with grey infrastructure due to its sensitive location as it used 
to be part of the E4 motorway before the new one was built. The 10m resolution connects 
with the blue spot to the right in the image, this influences the data values generated from 
the model.   

 
Figure 14. Norrtull underpass. The blue spot is overestimated in all resolutions. The water 
ends between RP1 and the camera view but the results from the model show a much larger 
flooded area. This could be due to a better capacity to lead water away since this is a part 
of the old E4 motorway. Even though the blue spot is overestimated it shows consistency 
between the resolutions. Source: Image, Lantmäteriet SWEREF99 16 30. 
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4.3.2 Strömsbrovägen 

The blue spot in the underpass at Strömsbrovägen (Figure 15) is mapped with good 
results in all resolutions. The water line by the camera view is mapped with good 
precision and the blue spot is well defined along the edges of the road. In this example, 
the model performs well in all resolutions. The 10m resolution does however introduce 
inconsistency in the accompanying data since it connects to another blue spot which 
affects fill up values.  
 

 

Figure 15. Strömsbrovägen underpass. The blue spot is mapped with good precision in all 
resolutions. The edge of the blue spot in a west-east direction by RP1 is very close to the 
real event and the difference comes down to the cell size of the DTM. Source: Image, 
Lantmäteriet SWEREF99 16 30. 

4.3.3 Hamnleden  

The blue spot in the underpass at Hamnleden (Figure 16) is well defined in all 
resolutions. It is apparent that a coarser resolution generates a rougher delineation but if 
the purpose is to investigate if the underpass will flood or not, this is of secondary 
concern. Notice that all resolutions successfully include details like the stones by RP1 
are dry.  
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Figure 16. Hamnleden underpass. The blue spot is mapped with good precision in 1m, 3m and 
5m resolution and acceptable in 10m resolution. All results map the bank and stones by RP1 as 
dry and by RP2 especially the 1m and 3m resolution maps the water with good precision while 
5m and 10m two still generates an acceptable result. Source: Image, Lantmäteriet. SWEREF99 
16 30. 

4.3.4 Österbågen 

The underpass is accurately mapped but the 3m and 10m results connect to other blue 
spots which influence the generated data values (Figure 17). The second photo also 
captures the severity of the situation showing a lorry that is completely submerged. At 
the same place, the model gives depths between 3,75 to 3,9m which is reasonable 
considering the maximum allowed height for road vehicles in Europe is 4m (European 
Parliament Research Service, 2023) and a lorry is probably quite close to those 
dimensions.  
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Figure 17. Österbågen underpass. The flooded area is mapped with good precision in 1m, 3m, 5m 
resolution and acceptable in 10m resolution. At the location of the submerged lorry by RP2 the 
results give depths between of 3,75 – 3,9 meters which seems plausible considering the maximum 
height for a vehicle according to EU law is 4 meters. Source: Image, Lantmäteriet. Photograph 
with RP1 Gävle kommun, Photograph with RP2 Olof Kröger. SWEREF 99 16 30. 

4.4 Flow direction 

One of the most dangerous incidents of the event took place at the campus of University 
of Gävle (HiG). Large volumes of water passed along a student housing complex eroding 
the ground and exposing the foundation, resulting in a situation where the building could 
collapse (Figure 18). 
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Figure 18. Image showing different flow paths generated from the blue spot model. Photograph 
showing the exposed foundation from eroding water at a student housing complex. Source: 
Image, Lantmäteriet. Photo, Gävle kommun. SWEREF99 16 30. 

Figure 19. Image showing flow paths generated from different resolutions of DTMs. Photos 
with View 1 and View 2 correspond to Camera View 1 and 2. Large amounts of water flowing 
from the blue spot show that even though the model generated different results all are correct 
since the water flowed over the whole area. Source: Image, Lantmäteriet. SWEREF99 16 30. 

The result from the 1m DTM maps the downstream flow to take a route to the east of the 
complex along the road and then follow a small stream down to Gavleån. The results 
from the 3m and 5m DTM generate a stream that flows along the housing complex 
(Figure 18). This is a situation where the model, which can only show downstream flow 
in one direction has a large weakness. The area is relatively flat and contains a large blue 
spot, as the water volume exceeds the capacity of the blue spot it starts to spill over and 
since there are large volumes of water involved, the water flows in multiple directions. 
This can be a source of error when analysing results, in this situation the part of the house 
that was eroded is about 50 meters from the closest flow path in the 1m resolution. This 
would make it easy to miss if an analysis is carried out with for example buffer zones 
from flow paths. The streams in the 3m and 5m resolution runs along the house but when 
looking at photographs, the whole area between the flow paths of the 1m and 3 and 5m 
resolutions had water flowing (Figure 19). Therefore, all the results are correct even 
though they show different routes for the streams.   
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4.5 High Flow Accumulation 

The model generates a node network that accounts for spillover volumes which are 
simulating downstream flow accumulation. The spillover data can be used to illuminate 
areas that may experience high volumes of water and consequently high risk during 
heavy precipitation (Figure 20).  

Figure 20. Heatmap over the city of Gävle and surroundings. The red line indicates the urban area 
of Gävle, the heat symbols represent points in the hydrological network that carry high volumes 
of spillover water. SWEREF99 16 30. 

Several of the worst-hit areas were in direct relation to high-flow accumulation including 
three out of the four underpasses, the neighbourhoods of Hemlingby, Hemsta, Södra 
kolonin, Fjällbacken (Figure 21), the student housing building (Figure 22), and a 
collapsed road in Engesberg (Figure 23). The heat symbol is not representing a specific 
value but symbolises volume in relation to other nodes in the network. Therefore, it could 
always be utilized in whichever study area it is performed on. 
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Figure 21. Heatmap of points with high spillover volumes over the south part of Gävle. Marked 
areas are some of the examples presented in the results. SWEREF99 16 30. 

Figure 22. The image on the left is a heatmap showing points with high spillover volumes at the 
HiG campus. The photograph to the right shows eroded ground underneath student housing from 
flowing water. Source: Image, Lantmäteriet. Photograph: Gävle kommun. SWEREF99 16 30. 
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Figure 23. Image to the left is a heatmap showing points with high spillover volumes. The 
photograph to the right shows a collapsed road in the same location. SWEREF99 16 30. 

The results suggest that the spillover heatmap is a good indicator of risk areas and 
performs well. It is important to remember that the node network is built on the 
hydrological network and as shown earlier in the example at HiG (Figure 18), the model 
can only show flow in one direction. Consequently, there could be inconsistencies in the 
position of the stream and should be used as an indicator for further investigation. 

4.6 Waterways importance, Delineation of the model 

The model considers water bodies an outlet and endpoint of the hydrological system. 
This introduces a problem when it comes to hydrologically correcting the DTM that 
became apparent in the Hemlingby stream. In the first iteration of the model, the stream 
was considered a water body as it is presented like that in various maps over the area 
(Terrängkartan, Fastighetskartan, Baskartan, ArcGIS base map). But when investigating 
the results from the model with actual inundated areas it became apparent that this 
generated inaccurate results (Figure 24). The stream has been altered through the 
expansion of the city and was under-dimensioned to handle an event of this magnitude 
or it may have been clogged by debris at various places where it has been built over. 
Therefore, a second iteration of the model had the stream removed as a waterbody and 
the results show a situation much more like the events of August 2021 (Figure 7; Figure 
13).  
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Figure 24. Left is a Map over Fjällbacken showing the difference if the stream is considered an 
endpoint to the hydrological system (yellow) or not (blue). In this example the blue yields a better 
result (Figure 13). Notice that blue areas also cover the yellow areas. Right is a Map over Södra 
kolonin showing the difference if the stream is considered an endpoint in the hydrological system 
(yellow) or not (blue). In this example not including the stream as an endpoint yields a better 
result. Notice that blue areas also cover yellow areas. Source: Image, Lantmäteriet. SWEREF99 
16 30. 

5 Discussion 

5.1 Model Performance 

The model generated results of various quality compared to the August 2021 event. 
Ranging from good accuracy to under- and overestimation. The accurately mapped blue 
spots show consistency in all resolutions while the underestimated blue spots show a 
decreasing accuracy as the resolutions get coarser. This resonates with the consensus 
that a lower resolution DTM generates results with larger inconsistencies (Azzizian and 
Brocca, 2020; Saksena & Merwade 2015; Brandt et al. 2021) which is also found here. 
A notable aspect is that contrary to what is found here, the consensus agrees that a coarser 
resolution will generate overestimated results. These studies concern fluvial flooding 
over larger rivers and sometimes use resolutions up to 100m (Muthuasamy et al. 2021). 
However, it is an interesting aspect that a coarser resolution within the interval of the 
relatively fine resolutions 1m-5m show underestimated results. Except for the Norrtull 
underpass, there are no overestimated blue spots in the examples. Considering the 
limited reference data this may be a coincidence but judging from the results it is less 
likely that the model will generate overestimated results with resolutions of ≤5m. In a 
study on the effects of DTMs in sub meter resolutions for hydraulic flood modelling it 
was found that by increasing the resolution from 1m to 0.1m the maximum water depth 
increases up to 37% and the inundation extent decrease up to 6% (Ozdemir et al. 2013). 
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This was attributed to the ability to retain fine detail in the urban landscape which affect 
the hydrological conditions like small ditches and curbs. These findings are partly line 
with what is found here where the max depth increased in 8 out of 9 examples with a 
finer resolution (table 3) but on the contrary the extent decreases in 5 out of the 9 
examples. It should be noted that the extent values contain a lot of noise due to 
interconnecting blue spots at different resolutions but by visual comparisons the results 
still suggest that the coarser resolutions generate underestimated inundation areas. An 
explanation why the results look like this could be that the amount of precipitation and 
available water volumes were so high that it could not be accounted for in the model. 
This is in line with Seleem et al. (2021) who find that FSM models performance 
deteriorates in cases where the inundation spreads beyond the depression in the 
landscape as the model cannot account for water spreading beyond those boundaries. 
Further, as some of the blue spots are represented accurately in all resolutions while 
others show a decreasing accuracy with a coarser resolution it can be concluded that 
other factors have an impact on the results and that a lower resolution causes larger 
uncertainties. 
 
The two areas within Södra kolonin is an interesting example as they are in close vicinity 
but show large differences in the results. If the two areas are considered identical in 
relation to soil and infiltration properties other physical attributes must influence the 
performance. The north part (Figure 6) is mapped with good accuracy and shows 
consistency between the resolutions while the south part (Figure 7) is severely 
underestimated in all resolutions with larger inconsistencies as the resolution gets 
coarser. There are two main physical differences between the areas. One is elevation, the 
north part has an elevation difference of about 1.2 m while the south part has a difference 
of about 0.2 m. The other is that the south part has a stream which carried high volumes 
of water. The stream passes through a drum underneath the railroad which had likely 
reached its capacity and in addition, might have been clogged by debris. As vast volumes 
of water accumulated here and met high resistance by the bottleneck that was the drum 
underneath the railroad, it is likely that the water spread beyond the boundaries of the 
blue spot. Again, this resonates with Seleem et al. (2021) with the incapability to account 
for water outside depressions.  
 
Concerning the elevation, the examples indicate that slope has a large influence on the 
outcome, substantially more than resolution in this case. The northern part was mapped 
with good results in all resolutions coming down to the cell size around the edge as the 
main difference. The south part shows results from the 1m and 3m resolutions similar 
although largely underestimated, while the results from the 5m resolution are severely 
worse. Thus, in this example, the results show that inconsistencies are greater on flat 
surfaces. This is also found by Brandt et al. (2016) who recommends extra caution in 
flat terrain, although Brandt is investigating hydraulic fluvial flood models. Lin et al. 
(2019) and Lei et al. (2021) find that elevation and slope are important factors for 
evaluating flood risk. They are evaluating topographical elements in relation to flood 
prone areas and the elevation is referring to the height above sea level and slope is mainly 
referring to the general direction of flow. Both studies find that areas with flat slope 
gradients and low elevation are more likely to flood. Thus, indicating that these physical 
characteristics are important for flood prediction even though they are not directly 
connected to these examples. Here slope is important for delineating the depressions in 
the landscape, thus a higher slope gradient will make a more robust delineation of the 
depression and it will also allow for bigger margins of error and be less sensitive to DTM 
resolution while a flat slope gradient will have less margin for error and be more sensitive 
to resolution.  
 
The blue spots that yielded the best results are the north part of the allotment area (Figure 
6), the garage in Hemsta (Figure 9), the T-intersection in Hemlingby (Figure 10), Sörby 
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urfjäll (Figure 12), and all underpasses except Norrtull (Figure 15; Figure 16; Figure 17). 
A common denominator is strictly pluvial conditions meaning they are not influenced 
by any stream or waterbody and they have a distinct slope delineating the blue spot. The 
blue spots that yielded the least accurate results are the south part of Södra kolonin 
(Figure 7) the square with parking space in Hemsta (Figure 8) the chapel in Hemlingby 
(Figure 10) Fjällbacken (Figure 13) and the Norrtull underpass (Figure 14). It is difficult 
to find a common denominator, but the southern part of Södra kolonin and Fjällbacken 
both have vast amounts of incoming water and are relatively flat. The square with 
parking in Hemsta is also relatively flat but does not have large volumes of incoming 
water.  
 
It can be concluded that it is difficult or perhaps not possible to determine if a blue spot 
is accurately mapped or not based on the generated values and physical features. One 
example of this is the chapel and T-intersection (Figure 10) in Hemlingby which are 
similar in all aspects but generated different results. The blue spot by the T-intersection 
was accurately mapped while the chapel was underestimated. The reason the chapel was 
underestimated is most likely due to the downstream blue spot which received vast 
volumes of incoming water. As the water spread in multiple directions the chapel 
received water from downstream which caused the water to spread beyond the 
depression boundaries. From this perspective the underestimations are explained by the 
inability to account for water outside the depression boundaries and again aligns with 
Seleem et al. (2021). As the model only accounts for flow in one direction this is not 
possible to predict in analysis. Another example is the parking Square in Hemsta (Figure 
8) which received small volumes of incoming water and is not connected to a larger 
hydrological network according to the results but is still severely underestimated. As the 
area is relatively flat a possible explanation is that the blue spot received water from 
nearby Hemlingby stream that are not accounted for in the results. Another explanation 
could be extruding water from drainage and sewage systems which was a common 
occurrence during the flood. This illuminates the weakness of the drainage system not 
being represented. The Bluespot model are a trade-off to simplify the complexity of 
hydrodynamic models. It assumes Hortonian flow meaning all systems are saturated and 
overland flow occurs thus, the drainage system can be overlooked as water cannot enter. 
However, extruding water from the drainage and sewage systems is a blind spot and 
cannot be predicted or accounted for. Therefore, it is possible that areas like the square 
in Hemsta were caused by extruding water.  
 
Even though it is not possible to use an elevation profile and the generated data alone to 
identify if a blue spot is accurately mapped, there are indications that should be 
considered. Vast volumes of water in a stream or ditch were found to generate 
inconsistent results to nearby blue spots, this is technically fluvial flooding and needs a 
different approach. In relation to flat areas, studies have found that there is a relationship 
between slope, flow volume, and damage. Leal et al. (2022) investigate insurance claims 
in two cities with different geographical characteristics and find that most claims to 
insurance occur in flat areas and that the highest payouts are in flat areas with high flow 
accumulation. This can be related to Lin et al. (2018) and Lei et al. (2021) who find that 
flat areas and low elevation are more prone to flooding. Damages or economic losses are 
not evaluated in this thesis, but this resonates with considering these areas as uncertain.  
 
Overall, the different resolutions generated similar results. In several examples the 
differences are dispensable, especially between the 1m-3m resolution. The coarser 
resolution generates rougher results due to cell size but generally follows the same 
outline as the 1m resolution. Furthermore, the 5m generated reasonably consistent 
results, it is only in the south part of Södra kolonin (Figure 7), Fjällbacken (Figure 13) 
and the parking square in Hemsta (Figure 8) the results are considerably poorer. A 
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common characteristic for those areas is that they have a flat slope gradient, thus, 
indicating that flat areas generate larger inconsistencies in coarser resolution. 
 
Concerning the streams, the resolution has a larger effect on the outcome as shown in 
the example by the HiG (Figure 18). Here the streams deviated with some distance from 
each other between the resolutions which is a consequence of the smoothing effect a 
coarser resolution generates on the surface. As the flow path is calculated from the 
optimal path between blue spots pourpoints small differences in cell values can influence 
the results. Errors like this will likely appear in flat areas and could potentially cause 
larger errors especially if they occur upstream since it will have an effect further down 
the network. Accounting for flow in one direction only is a recognized shortcoming and 
one of the reasons why a low point model is not recommended for other purposes than 
an overview. However, as the streams are calculated using the optimal path, they are 
presumably always correct, the problem is that water often runs in multiple directions, 
thus, flow from larger blue spots, especially in flat areas should be considered more 
uncertain.   
 
Consequently, as the 5m resolution introduced inconsistencies in flat areas while a 1m-
3m resolution showed consistent results it is recommended to use a 1m-3m resolution if 
the purpose is to investigate the effects on property. This resonates with MSB (2017) 
who recommends a resolution of 2m or finer for a detailed investigation and 4m for a 
more general overview.   
 
Not accounting for hydraulic action is a source of error in the Bluespot model but this 
does not mean that the results representing flowing water are bad or useless even though 
the model lacks the dimension of time. Spillover values with very large volumes of water 
were found to efficiently indicate high-risk areas and the need for a more specific 
hydraulic flood model to investigate if the capacity of the stream is dimensioned to an 
appropriate level. Most of the examples presented here are part of a hydrological network 
with high volumes of accumulated flow. Hemlingby, Hemsta, and the south part of Södra 
kolonin are all part of the same hydrological network (Figure 21). Three of the 
underpasses (Figure 14, Figure 15, Figure 16) have high flow accumulation as well as 
the College (Figure 22) and the collapsed road (Figure 23). Evidently, these areas are 
accurately mapped in the model. As the purpose of the model is to give an overview of 
flood inundation and flow, this information is valuable as it provides information on 
areas that are at higher risk than surrounding areas. It was also found that high flow 
accumulation in streams and ditches was associated with poor results in blue spots, thus 
indicating that the confidence in these results is low. Brandt et al. (2021) suggest 
incorporating uncertainty zones to strengthen the use of flood models in urban planning. 
They state that the concept of uncertainty is often overlooked in the planning process but 
if used properly it benefits the planning process. In this instance, the concept could be 
introduced in a basic way as a buffer zone from high flow accumulation points. Thus, 
the overall confidence in the model increases and at the same time indicates areas for 
further investigation. Consequently, the results become more reliable and better suited 
to make informed decisions.  

5.2 Bluespot model in pluvial flood management 

An additional result that stood out was the accuracy underpasses were mapped with and 
the consistency through all resolutions. Underpasses generally have favourable 
conditions to be accurately mapped. They are lower than the surrounding areas, they are 
made up of impermeable surfaces and have impermeable surfaces leading into them. 
This led to another iteration of the model with a 10m resolution DTM and the result from 
this also showed consistency with the actual event. These results are not included in other 
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parts of the analysis because the coarser resolution introduces large amounts of 
inconsistencies which further strengthens that slope is an important factor considering it 
performs well on underpasses. Out of the four underpasses, three were mapped with 
good accuracy in all resolutions (Figures 15,16,17) whereas one, Norrtull was 
overestimated (Figure 14). This could be due to the time passed between the precipitation 
stopped and the photograph was taken, but since the others were mapped accurately and 
it is reasonable to assume that photographs of the flood were taken during the same 
period, it is more likely due to a better capacity to lead water away. Norrtull underpass 
used to be part of the E4 motorway before the current one which bypasses the city was 
built, therefore it is possible it had higher standards for leading water away.  
 
Flooded underpasses mainly concern accessibility and the ability to travel the roads, the 
exact level of water may therefore be of secondary concern. Because of the good results, 
another possible use of the model could be to create an accessibility map over the city 
according to the road network. Underpasses are often important arteries and as they 
become untravellable some parts might be far more difficult to reach. An example is the 
port of Gävle which is a major port in northern Sweden and among other commodities 
receives fuel for Arlanda airport. The port is located northeast of the city and to reach it 
in a direct way it is necessary to face at least two of the underpasses. Considering the 
dangerous nature of work in a large port and with the addition of handling airplane fuel 
this accessibility knowledge might be of importance for especially ambulance and fire 
departments. In e-mail correspondence with the the local fire department (Gästrike 
räddningstjänst, 2023, pers. comm.) they answered questions about navigation and 
accessibility during the flood event with a focus on the underpasses. They concluded 
that: 
 
 

• They have access to flood maps for the large rivers but other than that they 
must rely on local knowledge.  

• During the event they had to rely on incoming information and local 
knowledge 

• Their Navigation system is static, but they have operational support 
(insatsstöd) which can add geographical incidents.  

• For the time being an inundation map might be challenging to implement in 
the navigation system with aspects of when and how to visualize it. But it 
would be a useful tool in the planning process and for risk and vulnerability 
analysis.  

• Navigation systems are not shared between the police, ambulance, and fire 
department. They are however similar. 

• The navigation system is not the same in the whole country, there are several 
options on the market. But all are connected to the vehicle’s Rakel terminal 
(MSB, Rakel, 2023) and must work in an offline environment, considering this 
the systems have different abilities to incorporate live happenings.  

• They do not have a lot of knowledge of places sensitive to flooding apart from 
the large waterways, so this would be considered useful information. They are 
aware that this type of event is expected to become more frequent. 

• It was a challenge to have a good overview of the current conditions during the 
flood, especially as it incorporated several municipalities and the County 
administrative board.  

• They conclude that a map of what could be expected would contribute to 
identifying risks and expectations during heavy precipitation. 
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To incorporate inundation maps directly in the navigation system might be some way 
into the future. But accessibility to maps showing how the road network may be affected 
by intense precipitation and which areas might be difficult to reach may be of great value 
to these types of services. The port is an extreme example, but there are residential areas 
close to the port and there might be several other locations in the city that experience 
similar challenges with accessibility when barriers in the form of flooded roads appear. 
Blue light services often operate under pressure and in life-threatening situations where 
time is of the essence, knowledge not only of local conditions but also of what to expect 
and preparedness in for example alternative routes could be of great importance.   
 
This is also an argument that more kinds of flood maps should be available. An 
accessibility map should be aimed at authorities and focus on underpasses which often 
have an important role in the road network of cities. It is clear from the correspondence 
with the fire department that this information could be important. It is also clear that they 
are aware of the flood maps for the major rivers which are most likely the publicly 
available maps provided by MSB (MSB, Översvämningsportalen, 2023). Thus, it is a 
recognition that this type of information is used and improves the robustness of society.  
 
Considering the results, the plausibility of making this type of map for a larger area 
would not be too challenging. The data is already available in the form of DEMs, 
drainage basins, and infrastructure data. There is the work of hydro correcting the DEM 
and to resample it, still, the time in running the model will be a lot shorter than using the 
higher resolution DEM for the whole model. The results could then be identified by 
overlay with the road network. From there it would be easy to only include flooded 
underpasses and tunnels and to run the model on sub-catchments with a higher resolution 
DTM for further investigations.     
 
The model generates a fill-up value for each blue spot that is based on the area of the 
local blue spot watershed and upstream accumulated flow. With data points from 
recurring events and at different locations, it could be possible to generate a matrix of 
how accurate the fill up values are, of course, these are highly individual and depend on 
the physical characteristics around the underpass and the current soil conditions. 
However, it should be possible to detect patterns and generate buffer values around 
precipitation volumes. As stated by the fire department, it would be challenging to use 
the maps live because of when and how to visualize them. But for planning purposes, 
this could be of good use in, for example, which underpass will flood first, or which 
underpasses are at risk of flooding when 30mm of precipitation has fallen, they could 
also be used to map roads that never flood. For solely identifying underpasses in the road 
network that may flood a DTM resolution of 5-10m is sufficient to identify the features. 
 
In the official report, the regional authorities concluded that flooded areas mainly 
coincide with results from the Low point model performed in 2016 (Länsstyrelsen i 
Gävleborg, 2022). This indicates that these models can be used for predicting flooded 
areas and work to a certain extent. There are fluvial flood maps according to 100-year 
and 200-year flows for several large rivers in Sweden (MSB, Översvämningsportalen, 
2023). Should not there be something similar for pluvial floods? Companies like Scalgo 
provide an effective product where basically all computing is already done but is aimed 
at organisations and not available for public use. The pricing of the service is complex 
and dependent on many factors which leads to the information getting used in very 
specific ways and for a limited purpose. The same applies to other commercial products 
which often leads to pluvial flood investigations not being made at all (Rozenzwieg et 
al. 2022). Pluvial flood inundation maps could be of value for governing organisations, 
NGO’s, commercial companies, and the public. It would be valuable in city planning, 
giving an overview of suitable locations for development in relation to flood hazards. It 
could highlight risk areas providing background for prioritizing actions and 
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investigations for climate adaptions. It could be used to make accessibility maps for blue 
light organisations, and at an individual level, it could identify if private property is at 
risk. For instance, a lot of the flooded basements during the event were caused by 
incoming water from the sewer system and could have been prevented by a back-locking 
system into the house. This would be more difficult to determine from a blue spot map 
but if a property is close to blue spots, it may be a good indicator that the property is at 
risk.  
 
A challenge and contributing factor to why pluvial flood models are underrepresented 
may have to do with how they are classified and presented. Precipitation events are not 
uniform, they change in intensity and are constantly moving. This makes them difficult 
to forecast and to determine a return period. Since return periods are unique for every 
geographical area and as stated earlier, are based on historical meteorological data and a 
static land cover it is recognised that it will not be accurate in the future (Rozenzwieg et 
al 2018). Consequently, problems will be introduced when it comes to consistency with 
spatial and temporal comparisons, add to that a lack of validation data and it is not an 
easy task to model urban pluvial inundation and generate reliable comparable results. 
Instead of return periods a time interval with a specific volume of precipitation and a 
standard deduction could be applied. As the values would not be geographically 
anchored it would help with standardisation which would generate continuity and allow 
for easier comparison in time and space. Another advantage this would bring is to 
contribute to spatial analysis as different geographical areas with comparable physical 
conditions and precipitation volumes probably generate different consequences.  
 
Considering the relatively low requirements to perform the model, a step-by-step guide 
with a geopackage could be created and distributed to municipalities and regions. A 
single person or a small team could perform this model in a few weeks’ time and thus 
starting a knowledge of risk areas and of climate adaptation. There is a general guide 
from MSB (2017) and a method guide from the County administration board of 
Jönköping (Länsstyrelsen i Jönköping, 2015) but an updated step by step instruction 
provided with tool packages for ArcGIS and including the simulated rain volumes and 
flow accumulation would be a start in a unifying effort for pluvial flood management.  
 
A part that is often overlooked but one of the most important is to visualise, present and 
communicate the results. For instance, the low point map made in 2016 by the County 
administration board of Gävleborg (Länsstyrelsen i Gävleborg, 2016) is available as a 
shape file at an open data portal on their website (Lanstyrelsen, Geodatakatalogen, 
2023). It is difficult to find it if you do not know what to look for and must be used 
accompanied by the report to understand the results. If results generated from a project 
like the one proposed above could be made available at a larger platform like 
Lantmäteriets Min karta (Lantmäteriet, Min karta, 2023) or MSB översvämmnigsportal 
(MSB, Översvämningsportalen, 2023) with more information, it could be used at a wider 
purpose. This would also give an overview of how municipalities are working with flood 
risk and could give an indication of the progress of climate adaptation.  
 
Molinari et al. (2019) recognize one of the main challenges in flood models is the poor 
availability of validation data and recommends three actions for improving this. These 
are to promote the collection of high-quality data after every flood, develop a platform 
to share data, and to create a community of sharing best practices. If inundation maps 
were made available like suggested above, it would be in line with these 
recommendations. A platform would be established to share information and data, which 
would indirectly promote the collection of flood data as there would be a general interest 
to investigate how the model performs. Robust methodologies must be established to 
generate consistent results which would in turn promote a community to share best 
practices. Furthermore, records show that pluvial floods occur at regular intervals in 
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Sweden (MSB, 2022) and are expected to increase in frequency. If these pluvial flood 
maps are made there will be a validation as time passes which will help identify 
weaknesses and strengths and improve on the general concept of urban pluvial flood 
modelling.  
 
The Bluespot model is in its foundation a low-point model, what differentiates it is the 
ability to simulate a precipitation event and account for flow accumulation. This is a 
large improvement considering the reasons MSB (2017) lists for its shortcomings. It 
calculates precipitation volumes and therefore the volume in blue spots can be quantified 
according to different scenarios, and it accounts for flow accumulation, the flow 
accumulation can be used with good accuracy to indicate high risk areas as the results 
show. It allows for modifications like manually changing the capacity of blue spots 
which can indicate how downstream flow will be affected, thus it can be used as an 
overview of where to plan blue green infrastructure or nature-based solutions. However, 
it does not account for time, hydraulics, infiltration, and flow paths in multiple directions. 
In a summary report from floods in Sweden 2014-2021 from MSB (2022) they state 
there is a need for improved methodologies for extreme precipitation flood models. The 
Bluespot model is an improved methodology of the low point model. If improved 
advanced methodologies will be developed it is positive that simpler models are used as 
it will promote comparison of results which will help strengthen and identify weaknesses 
and identify differences between the simpler and more advanced models. As mentioned, 
one of the main challenges in performing flood models is the lack of data for validation. 
If there is a wide use of flood models it will most likely promote the collection of flood 
data over time. Moreover, another key learning MSB (2022) lists is that risks associated 
with natural phenomenon need to be incorporated into city planning. As Balstrøm and 
Crawford (2018) state, the more advanced models are often focused on engineering 
aspects with large and detailed resolution in the results, for city planners this may be 
unnecessary, and a more general overview may be more effective for the purpose. One 
of the fundamental rules in Cartography is to consider the reader and the product of a 
flood model is an inundation map, thus this rule should be applied to some capacity. 
Naturally, the user must be confident in the accuracy of the product and the results in 
this thesis suggest that it can be used with a certain amount of confidence, especially if 
an uncertainty zone is incorporated.     
 
As already stated, there are reliable methods for generating accurate flood inundation 
where a coupled 2D-1D model is found to generate the best results (Rozenzweig et al 
2021) but the advantage of the Bluespot model is its relative ease of use and the few data 
requirements. Consequently, there is a larger possibility it gets performed. Although blue 
spots were mapped with various accuracy, all were within an inundated area. Therefore, 
it is accurate to a certain degree and fulfils its purpose, which is to give an overview of 
risk areas and the general flow aimed at a wider audience. An important note is that it 
should not replace more advanced flood models but recognize the strengths it provides.  
 
Another advantage is that the data is within a GIS environment which creates many 
opportunities for further research as the generated data could be manipulated and 
analysed for a variety of purposes. Together with population data, it could identify high 
impact areas in relation to exposed people and as proposed earlier it could be used to 
create accessibility maps and identify other sensitive infrastructure at risk. Another 
example is Pallathadka et al. (2021) which investigates the relationship between pluvial 
flood risk, blue-green infrastructure, and social vulnerability from an environmental 
justice standpoint based on results from the blue spot model.  
 
Although, as it does not consider infiltration, time, and drainage systems it is most likely 
not effective in mapping smaller scale precipitation events. This is confirmed by Seleem 
et al. (2021) who found FSM models to require high precipitation volumes to generate 



40 
 

accurate results. There are many factors when it comes to cities ability to retain and 
dispose of water, there are large differences depending on the soil moisture before the 
precipitation, the rain intensity and duration, etc. Thus, if the event is not as extreme as 
the example in this thesis it may generate larger inconsistencies in the results. 
Nonetheless, the purpose of the blue spot model should not be to investigate or plan fine 
details, the purpose is to give an overview of how an extreme precipitation event can 
affect the city. 

5.3 Delineation of DTM 

When examining the results after the first iteration of the model some areas in connection 
to the Hemlingby stream were severely underestimated. This highlights a problem of 
how to delineate the DTM. As mentioned earlier waterbodies are considered endpoints 
in the hydrological system and as several maps over the area incorporate the stream, it 
was cut out from the DTM as was all other water elements. This generated bad results 
as the model assumes all water that entered the stream was effectively removed. 
Evidently, this was not the case and without photographs of the actual flood, it is likely 
that the area would have gone unnoticed making it a large source of error. Therefore, it 
is recommended to only cut out major waterbodies from the DTM like large rivers, large 
lakes, and the sea.  

5.4 Sources of error 

The fact that one of the worst floods related to precipitation in Sweden happened in the 
year 2021 and there is almost no official data except for meteorological data and some 
photographs is a bit astounding. Even the official report issued a year after the event 
(Länsstyrelsen, 2022) states that they were not able to create a flood map. Considering 
their position, they should have all the opportunities to acquire available data, thus 
indicating that there are almost none. Instead, they provide a low-resolution heat map of 
flooded basements built on data from insurance companies as the only overview of the 
flood. This data is not publicly available, and several inquiries have been made to use 
the data as validation in this study with no success. However, the lack of collected data 
is not uncommon, and it is recognized that there is a general lack of data from real events 
for model validation (Molinari et al. 2019; Maranzoni et al. 2022). The data is 
supposedly difficult to collect due to the nature of the hydro-meteorological 
circumstances that are associated with floods. Although, it should be noticed that the 
reviews consider all types of floods and as stated in the introduction of this study, pluvial 
floods tend to receive less attention compared to other types (Rozenwieg et al. 2018). 
Hence the collection of data in this circumstance should be easier and safer to collect by 
for example measuring depth in flooded areas accompanied by a GPS location point or 
commissioning aerial photography or LiDAR after the event to document the flood. 
Another inherent problem is that data is usually collected for various purposes and 
intents. Consequently, it only describes fractions of the event and often at different scales 
and variables which makes it difficult to use for validation in flood models and 
comparisons with other flood events in time and space (Ballio et al, 2018).   
 
Validation is crucial to improve the reliability of flood models and to make them more 
useful.  Decision-makers need to be confident that results are accurate to make informed 
decisions, the research community needs validation data to identify strengths and 
weaknesses in the models to further improve on them and insurance companies need to 
know the accuracy to correctly price their insurance plans (Molinari et al. 2019). This is 
also confirmed in a survey from the European Commission on the impacts of climate 
change on floods in Europe where a key finding was that there are “Substantial 
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differences between various projections of flood hazard and risk over the country 
reported by different researchers” (EC, 2021).  10 out of the 13 member states plus 
Norway and the UK who partake in the survey stated the key challenge is the large 
differences in projections on flood risk and vulnerability from different research and 
sources. It should be noted that this mostly refers to how climate change will impact 
flood risk in the future, but future scenarios cannot be projected if you cannot validate 
the models of today. Decision makers need to have reliable and consistent information 
to make informed decisions and to communicate results and recommendations to 
stakeholders. This traces directly back to the lack of data to validate the models and the 
importance of collecting data cannot be understated.  
 
A large portion of this study focuses on the south side of the city in areas close to the 
Hemlingby stream. This was the most “spectacular” part of the flood and consequently, 
there is a lot of coverage of the area. Being objective, this is related to fluvial flooding, 
as stated earlier pluvial flood often receive less attention as it is undramatic (Acosta-Coll 
et al. 2018) which is reflected in the availability of reference material here. Most 
economic damages probably come from other areas, and it is important to remember that 
the whole city was affected by the flood. Somewhere between 4000-5000 permanent 
residents were flooded (Länsstyrelsen, 2022) and a total of more than 1,3 billion SEK 
was paid out in insurance claims accounting for more than 50% of all insurance pay-outs 
for natural phenomena in Sweden in 2021 (Sweden Insurance, 2022). It would be an 
interesting perspective to overlay the inundation map with accumulated economic losses 
for comparison. That type of data may be more readily available considering that 
insurance payouts could be used to identify and quantify them. However, it can be 
concluded that with these kinds of damages, it should be of utmost importance to 
document what happened and to learn from it. This is coming from a geographical and 
geospatial point of view but even if one would not have that background, it should not 
be difficult to see the benefits of a flood map for future purposes. 
 
In the absence of objective data from the flood, biases are introduced as the reference 
material is fragmented. Ground truth data is crowd-sourced and only shows flooded 
areas, this is natural since individuals and media are documenting the flood and not 
places that did not flood. Consequently, it is difficult to detect areas that are predicted to 
flood but did not. Another aspect is that reference material from social media platforms 
may introduce bias where different demographics interact with social media to different 
capacities (Rosser et al. 2017). Meaning that different locations might get different 
coverage depending on the demographics of the area thus presenting a biased coverage 
of the flood. Furthermore, Leal et al. (2022) find in a comparative study of insurance 
claims from the city of Malmö, Sweden and Lisbon, Portugal related to floods that socio-
economic conditions influenced the spatial distribution of insurance claims. In both 
cities, the lowest number of claims were in areas of low income and low education 
despite being of different geographical characteristics. There are probably several 
reasons for this, including how many valuable assets a family has but is still an aspect to 
consider. These examples may not be related, but it shows that biases exist on many 
levels. This is also an argument for why it is important to do a flood inventory during 
and after a flood event. 

5.5 Further studies 

The thesis has shed light on several interesting topics for further investigation. 
 
Investigate if it is possible to add a time dimension to the Bluespot model by adding a 
standard subtraction. The Bluespot model generate values for volume and flow 
accumulation for different precipitation events. Appreciating the accuracy of these 
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values would be interesting to investigate. This would need objective validation data and 
with that, it could be possible to incorporate a sort of time dimension to the results. E.g., 
what consequences would 60mm of precipitation in 4 hours cause etc. Another way of 
achieving this could be to compare results with validated results from an advanced 
model. 
 
Map roads that might flood, specifically underpasses which are important for the 
infrastructure and accessibility of a city. By using meteorological data and well-
documented past floods, investigate how accurate the fill up values are and the 
relationship to when a road gets undrivable according to precipitation volumes. The aim 
of this study would be to generate accessibility maps over the city and help blue light 
services in planning.   
 
Investigate thresholds, e.g., large capacity but shallow blue spots could be seen as more 
volatile. These areas could be considered risk areas or areas that need further 
investigation since it could be difficult to predict how the water will flow. This could 
also have a large impact on blue spots further down in the hierarchical order. Is it possible 
to find a threshold where the results become inconsistent and should be considered 
uncertain? 

6 Conclusion 

The aim of this thesis was to investigate how results from the Bluespot model correspond 
to the August 2021 flood in Gävle, Sweden, and how the resolution of elevation data 
affects the outcome. It was found that blue spots with distinct elevation differences and 
strictly pluvial conditions, that is without the presence of ditches or streams are more 
likely to generate accurate results and are consistent through different resolutions of 
DTMs. Further, it was found that blue spots in connection to ditches or streams have 
larger inconsistencies and tend to decrease in accuracy as the resolution gets coarser. 
The 1m and 3m resolution show relatively consistent results while the 5m resolution is 
severely worse. 
 
The model performs well on underpasses in the road network, an iteration with a 10m 
resolution DTM still generated acceptable results. This indicates that larger areas could 
be covered with a coarser resolution to identify underpasses at risk and could be to create 
accessibility maps over a city which can be of use for blue light services. Generated data 
values like fill up volumes for individual blue spots needs further validation to determine 
its accuracy but could be used as internal comparison between the results. Moreover, it 
was found that large flow accumulation values indicate high-risk areas efficiently. 
Several of the worst hit locations were in direct connection to these areas and generally 
coincide with underestimated blue spots, consequently it also indicates poor confidence 
in the results. The reason for this is the inability to account for water outside blue spots, 
thus when large volumes of water force the inundation to spread beyond the depression 
in the landscape it generates poor results. If blue spots close to high flow accumulation 
points are considered uncertain it further improves the overall confidence and indicates 
where a hydraulic model should be applied.  Depending on the scope a 1m-3m DTM 
resolution is recommended for investigating effects on property etc. and 5m-10m 
resolution is sufficient for investigating underpasses at risk of flooding, however, a finer 
resolution will generate more accurate results.   
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There is a general lack of data collection from floods which complicates the validation 
of flood models which is also found here. Although there is a lack of data, this attempt 
at validating results from crowdsourced reference material shows that the Bluespot 
model generates accurate results and is especially effective at indicating risk areas close 
to high-volume flow accumulation and underpasses in the road network. Thus, providing 
a simple and effective alternative for a pluvial flood risk overview.  
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