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Abstract

Extreme climate events, such as significant flooding, pose a natural disaster risk. Due
to climate change effects, the southern region of Sweden is anticipated to receive
more significant rainstorms that could cause flooding increasingly with the quantity
of emissions. This study examines the present-day and future climate’s flooding risk
in a small area in this region, within the Kavlinge Watershed. The future climate
scenario uses the Intergovernmental Panel on Climate Change’s (IPCC)
Representative Concentration Pathway (RCP) 8.5 scenario in the year 2100.

The flooding risk is determined using the intersection of flooding hazard and
vulnerability. Present-day and future hazard levels are based on flooding depth as
calculated by a calibrated and validated hydraulic-hydrodynamic model called HEC-
RAS rain-on-grid. The performance metrics used in the calibration and validation
process were the Nash-Sutcliffe Efficiency (NSE), Coefficient of Determination (R?),
and Percent Bias (PBIAS). Vulnerability is found using an analytic hierarchy process
weighting and combination of land cover, transportation infrastructure, schools, age
and fragility of the population, municipal buildings, and cultural sites.

The area is shown to have mostly relatively low vulnerability, with a few moderately
vulnerable areas close to towns. The HEC-RAS rain-on-grid model’s NSE, R? and
PBIAS were within satisfactory ranges and reflected good performance of the model,
which signifies an accurate representation of the flooding simulations. The hazard of
the flooding in this area is moderate along the river, and very low or low levels of
hazard in spots throughout the area. The intersection of the vulnerability and the
hazard show moderate and major risks along the river and particularly close to the
towns. Other areas, mostly agricultural, show a low or moderate level of risk. The
difference between the present-day and climate scenario flooding is small but
important, given the close proximity of the towns to the climate scenario’s increased
flooding and therefore increased risk.

The limitations, mostly due to time-constraints, are discussed, along with potential
additional considerations or improvements to the risk assessment. However, the
current results may be useful for planning for present and future flooding in this
region.



Sammanfattning

Extrema klimathdndelser, sdsom betydande Oversvamningar, utgdr en risk for
naturkatastrofer. Pa grund av klimatférandringarnas effekter forvantas sodra Sverige
fa fler betydande regnvader som kan orsaka dversvamningar i allt hogre grad med
mangden utsldpp. | denna studie undersoks dagens och framtidens
oversvamningsrisk i ett litet omrade i denna region, inom Kavlinges
avrinningsomrade. | det framtida klimatscenariot anvands den Intergovernmental
Panel on Climate Change (IPCC) RCP (Representative Concentration Pathway) 8,5-
scenario for ar 2100.

Oversvamningsrisken  bestims med hjilp av  skdrningspunkten mellan
oversvamningsrisk och sarbarhet. Nuvarande och framtida risknivaer baseras pa
oversvamningsdjup som berdknas med en kalibrerad och validerad hydraulisk-
hydrodynamisk modell som kallas HEC-RAS rain-on-grid. De prestationsmatt som
anvandes i kalibrerings- och valideringsprocessen var Nash-Sutcliffe Efficiency (NSE),
Coefficient of Determination (R2) och Percent Bias (PBIAS). Sarbarheten faststalls
med hjalp av en analytisk hierarkiprocess som viktar och kombinerar marktacke,
transportinfrastruktur, skolor, befolkningens alder och skorhet, kommunala
byggnader och kulturmiljoer.

Omradet visar sig mestadels ha relativt 1ag sarbarhet, med nagra mattligt sarbara
omraden nara staderna. HEC-RAS rain-on-grid-modellens NSE, R2 och PBIAS lag inom
tillfredsstallande intervall och aterspeglade goda prestanda fér modellen, vilket
innebdr en korrekt  representation av  Gversvamningssimuleringarna.
Oversvamningsrisken i det hiar omradet dr mattlig langs floden och mycket I&g eller
I3g riskniva pa vissa stallen i hela omradet. Skarningspunkten mellan sarbarhet och
risk visar pa mattliga och stora risker langs floden och sarskilt nara staderna. Andra
omraden, framst jordbruksomraden, uppvisar en Iag eller mattlig riskniva. Skillnaden
mellan dagens 6versvamningar och éversvamningarna i klimatscenariot ar liten men
viktig, med tanke pa stadernas narhet till klimatscenariots 6kade Gversvamningar
och darmed okade risker.

Begrdansningarna, som framst beror pa tidsbegransningar, diskuteras tillsammans
med potentiella ytterligare dvervaganden eller férbattringar av riskbedémningen. De
aktuella resultaten kan dock vara anvandbara for att planera for nuvarande och
framtida 6versvamningar i denna region.
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1. Introduction

Extreme climate events, such as significant rainstorms that cause flooding, have
large effects on society. These effects include economic costs, physical damage to
both human-made structures and the ecological environment, and also psychological
impacts on humans. Unfortunately, these extreme climate events have also been
increasing in frequency and intensity, and will continue to do so (Easterling et al.,
2000a; Easterling et al., 2000b; Intergovernmental Panel on Climate Change [IPCC],
n.d.; Peterson et al., 2013; Roudier et al., 2015). This is also made worse by more
urban development and agricultural practices (Pinter et al., 2005). Because of the
worsening extreme climate events, modelling these events, such as predicting
events, mapping of potentially affected areas in certain scenarios, is becoming more
important to city and government planning processes than before, and can be useful
in warning people of possible future calamity (Ryu et al., 2017; Tran et al., 2008).

To model scenarios of a changing climate, many studies use the Intergovernmental
Panel on Climate Change’s (IPCC) Representative Concentration Pathway (RCP)
scenarios. There are four RCPs modelled by the IPCC, which each represents
potential scenarios varying in the quantity of future greenhouse gas concentrations
in the atmosphere. These are the RCP2.6, RCP4.5, RCP6, and RCP8.5 scenarios. For
example, RCP2.6 models emissions decreasing progressively from 2020 until hitting
zero emissions by 2100. The RCP8.5 is the worst-case scenario, where emissions
continue to increase (Portner et al., 2019). Because it is the worst-case scenario, it is
a standard in climate change predictive modeling studies (Alfieri et al., 20153;
Bronselaer et al., 2018; Guerreiro et al., 2018; Prein et al., 2017; Riahi et al., 2011).

According to the RCP8.5 model, Sweden and specifically southern Sweden, will be
one of these areas with worsening climates (Alfieri et al., 2015b; Rojas et al., 2013).
Rain is expected to worsen, and the Scania region already receives the second-
highest quantity of extreme rain in Sweden due to conditions that carry moisture
over Europe and the Baltic Sea (Gustafsson et al., 2010; Nyberg et al., 2019). Because
of the expected increased quantities of rain, resulting flooding will likewise worsen
(Buffin-Bélanger et al., 2015; Chang et al., 2010; Shrestha and Lohpaisankrit, 2017).
Given the climate research indications for this area, having accurate expectations
about the hazards, vulnerabilities, and disaster risk in this area will be beneficial to
understanding how to best allocate funds towards building and housing efforts, as
well as inform zoning changes.

In scientific literature, there are a number of tools that have been developed to
standardize the analysis of hazards, vulnerabilities, and disaster risk. The most
commonly used for flood studies is the comprehensive risk assessment created by
Maskrey (1989), which incorporates the multiple facets of what makes a natural
disaster “disastrous” (the intersection and scale of hazards and vulnerabilities). This
is possible with the use of GIS software. However, to model the hazard portion, a
hydrology and hydraulic specific software is needed. There are also numerous
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options for the mapping of hazards past, present, and future, but one of the newest
and simplest is the HEC-RAS rain-on-grid model (Costabile et al., 2021; Godara et al.,
2024; Zeiger and Hubbart, 2021).

HEC-RAS is a modelling software released by the US Army Corps of Engineers
Hydrologic Engineering Center (HEC). It is a River Analysis System (RAS) that can be
used for 1D, 2D, and combined 1D/2D models. 1D is typically used for dominant flow
paths, cases with limited data, and high-gravity rivers (steeper terrain), and 2D is
used for cases with potential multiple flow paths, wide and flat floodplains,
estuaries, and braided river systems. A versatile program, it can run steady (a
continuous input of river flow or rain into the system) and unsteady flows (varying
input quantity of river flow or rain during the model’s run-time) (Horritt and Bates,
2002). The relatively new HEC-RAS rain-on-grid model is a 2D model that performs
unsteady flow analysis over a terrain and works by using precipitation as an input
(Costabile et al., 2021; Zeiger and Hubbart, 2021). It models the river flow over a
watershed or a sub-set of a watershed and provides a timeline of results for the
entire time period modeled. These results can be used to show the hazard area
through water depth or river velocity and can be useful as the hazard portion of a
risk assessment (Ennouini et al., 2024).

A risk assessment study of Southern Sweden’s Kavlinge River, particularly where
there is a higher population and more infrastructure close to the river, can be
interesting for decision-makers of this region. Because of the changing climate in
Southern Sweden (Gustafsson et al., 2010; Nyberg et al., 2019), a localized
comparison of current flooding with potential future flooding considering climate
change should be considered when making infrastructure or zoning decisions, as
these are decisions made with long-term effects (Gain et al., 2015; Masood and
Takeuchi, 2006). While some studies have already modeled the area with climate
change into account, no studies have performed a comprehensive risk analysis that
considers vulnerabilities (Hu, 2022; Myndigheten for samhallsskydd och beredskap
[MSB], 2020; Wicher, 2016). Performing a quantitative risk analysis study with visual
results can be used to help inform leadership and communities in this area.

1.1 Objectives

The objective of this study is to establish a new model in the Kavlinge watershed
using the HEC-RAS rain-on-grid software and use it to perform present and future
risk assessments in the most populated section of the Kavlinge River, which is the
last 23.6 kilometers. Specifically, the objectives are to:

o Evaluate how well the HEC-RAS rain-on-grid effectively models the Kavlinge
River.

o Determine which areas in the last 23.6 kilometers of the Kavlinge River are
flooded in the wettest year of flow records presently.



o Determine which areas in the last 23.6 kilometers of the Kavlinge River are
flooded during a wet year in the year 2100 using the climate model RCP8.5.

o Establish vulnerabilities throughout the Kavlinge watershed by using a
created flood vulnerability map and identify the most vulnerable locations in
the last 23.6 kilometers of the river.

o Combine the flood hazard and flood vulnerability map into a flood risk map,
and analyze and compare the most at-risk locations in present-day conditions
and future climate conditions.

1.2 Background
1.2.1 Risk = Hazard x Vulnerability

Being able to anticipate and plan for natural disasters is economically, socially, and
environmentally beneficial locally and on a large scale (Maskrey 1989, Wisner et al.,
1994). Risk assessments can contribute to the anticipation of the size of the natural
disaster and timing, and in the planning process by identifying areas’ and
infrastructures’ risk. The need for natural disaster risk assessments is only increasing
due to worsening climate change, and the usefulness of these assessments for local
governments is becoming more important (Danumah et al., 2016; Orencio and Fuijii,
2013).

One of the most common ways to perform a comprehensive overview of risk is by
using an equation initially created by Maskrey (1989), which is:

R=H XV (1)

where R is risk, H is hazard, and V is vulnerability. This equation stems from
Maskrey’s observation that a natural event, the “hazard” (such as flooding or
hurricane) only becomes a natural disaster when there is a “vulnerability” (such as
infrastructure unable to withstand the strength of the hazard or people who have
difficulties evacuating) that are in the path of the event.

To expand on these definitions, the United Nations International Strategy for
Disaster Reduction (2009) defines hazard in their “Terminology on disaster risk
reduction” as “a dangerous phenomenon, substance, human activity or condition
that may cause loss of life, injury or other health impacts, property damage, loss of
livelihoods and services, social and economic disruption, or environmental damage”.
Previous studies of risk assessment have included hazards such as droughts,
landslides, and coastal flooding (Clark et al., 1998; Shahid and Behrawan, 2008; van
Westen et al., 2006).

Likewise, the United Nations International Strategy for Disaster Reduction (2009)
defines vulnerability as “The characteristics and circumstances of a community,
system or asset that make it susceptible to the damaging effects of a hazard”. It is a
crucial part of the risk equation, because without vulnerability there is no disaster
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(Wisner et al., 1994). Understanding the type, severity, and locations of vulnerability
aides in the planning process, thereby decreasing the amount of vulnerability (Smit
and Wandel, 2006).

There is some discussion on other aspects of risk that should be included into the
equation, such as exposure, mitigation capacity, and resilience (Cutter et al., 2008;
Turner et al., 2003). However, most models accept that a simplified hazard,
vulnerability, and risk equation is sufficient (Apel et al., 2008; Blaikie et al., 1994;
Cardona et al., 2012; Dang et al., 2010; Hoque et al., 2017; Mishra and Singa, 2020;
Tingsanchali and Karim, 2005; Turner et al., 2003; Weichselgartner, 2001).

Identifying the amount of risk over an area as a function of magnitude of hazard and
the quantity of vulnerability can mitigate natural disasters when acted upon and
planned for in advance (Hoque et al., 2017). This is increasingly important not only
due to increasing intensity of hazards due to climate change, but also due to societal
aspects such as increased (and aging) population and continuous infrastructure
development (Masood and Takeuchi, 2006). Using spatial analysis is particularly
helpful in the analysis of risk, and a variety of new techniques, models, and
technology are continuously improving the accuracy of calculated hazards and
helpfulness of risk assessments (de Brito and Evers, 2016; Jena and Pradhan, 2020;
Zou et al., 2012). In addition, risk assessments that use an analytic hierarchy process
(a method to weight multiple factors) in the process of calculating vulnerability also
improves the risk assessment (Chakraborty and Mukhopadhyay, 2019; Dang et al.,
2010; Danumah et al., 2016; Rincon et al., 2018; Wu et al., 2015). Risk assessments
can also be useful in mapping multiple disasters within one area, including rainfall
flooding and coastal tidal impacts (Aksha et al., 2020; Mani Murali et al., 2013).

Numerous studies of risk assessment using this general method have been
conducted, as seen in Table 1, which focuses on flood risk assessments. The table
provides a collection of studies that are highly cited with a variety of methods. The
overall method to determine risk is the same, which multiplies hazard and
vulnerability, except for Gain et al. (2015) which calculates the total economic cost
of the hazard and vulnerability, and the papers by Suriya and Mudgal (2012) and
Vojtek and Vojtekovd (2016), which perform qualitative overlay analysis. However,
the methods of the multiplication of hazard and vulnerability vary and may be
calculated on different regional extents, may be weighted or unweighted, and are
quantified differently. Similarly, the methods of quantifying hazard vary as well.
Typically, a modelling program is used to find the hazard factor (Table 1 focuses
mostly on HEC-RAS), but in areas of less data availability where complex modelling
or analyses cannot be performed, basic risk assessments (using analytic hierarchy
process for hazard) can still be very useful (Aksha et al., 2020; Ghosh and Kar., 2018;
Mishra and Singa, 2020; Rincén et al., 2018; Wu et al., 2022). The papers in Table 1
use factors such as flood depth, flood duration, water velocity, flood probability,
drainage factors (such as soil and slope), and some papers include a mix of these
factors. The factor used the most often is flood depth. Vulnerability also has differing
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methodologies, where factors are sometimes weighted or unweighted, the
categorization and quantification differ, and there is a much larger variation of
factors included for the studies. They include various factors within geographical,
socioeconomic, population demographics, and land use subjects.

Table 1: Literature Review of Risk Assessments using Flood Hazards

Reference Risk (R) Hazard (H) Vulnerability (V) Additional
Notes
Danget al., R=HxV Analytical hierarchy 11 factors in three Exposure
2010 . process (AHP) categories, economic, noted as one
Calculations . . .

] weighted calculation social, and of three
pelrlformed on grid using flood depth, environmental. variables in
cells. duration, velocity. Calculated using a risk but is not
Vulnerability weighted sum using considered
weighted twice as AHP. separately.
much as hazard, Concentration
due to of the overlap
unquantifiable of hazard and
factors that vulnerability
exaggerate the (and therefore
quantifiable exposure).
vulnerability
factors (i.e.
populations’
ignorance to flood
danger)

Danumahet R=HxV AHP weighted sum AHP weighted sum
al., 2016 based on drainage based on building
R defined . . .
i ) density, type of soil, structure, population
categorlcally into slope, and isohyet. density, and drainage
5 levels of risk. . .
Analysis performed in  system
ArcGlIS.
Darabietal., R=HxV Scale of flood Uses urban density,
2019 probability (0-1). building age/quality,

Then classified
into 5 levels of
risk.

Modelled to test two
machine learning
algorithms.

population density,
and socio-economic
conditions.

Vulnerability between

0-1. Performed using
Fuzzy Analytical
Network Process.



Edamo et
al., 2023

Gainetal.,
2015

Masood and
Takeuchi,
2011

Nkeki et al.,
2022

FRI (flood risk
index) = FHI x FVI

Risk viewed as
cost (separated as
direct tangible,
indirect tangible,
direct intangible,
and indirect
tangible costs)

Hazard,
vulnerability, and
exposure
examined as
variables in
complex cost
analyses.

R=HxV

Range from 0 to
50. Resulting map
classified values
into low, medium,
and high risk
areas.

R=HxV

All factors
weighted
together in risk
equation
(vulnerability was
not calculated
separately as a
first step)

FHI = % Area x FHS

FHS=W xR (W =
weight corresponding
to flood severity (1
for low, 5 extremely
high; R = rating
corresponding to
probability of each
flood severity, also 1-
5); Severity
determined by HEC-
RAS calculated flood
depth.

Based on HEC-RAS
modelled flood
variables (depth,
flow).

Using HEC-RAS,
normalized values 1-5
for flood depth.

HEC-RAS calculated
flood depth. Included
with vulnerability
factors in the pairwise
hierarchical
comparison matrix.

FVI = (Agricultural area
+ Built area + Total
household +
Maximum daily
rainfall) / 4

Based on
socioeconomic
indices.

Aggregate
vulnerability found
using equal weighting
system, all factors
weighted equally;
score between O and 1
(low to high); includes
literacy, income, early
warning system
functionality, building
age/type/materials,
etc. Assigned one of 5
normalized scores (0,
.25,.5,.75, 1)

Weighted percentage
of area covered with
living area and
agricultural land
(Ranged vulnerability
from 0-10).

Vulnerability (and
exposure) factors
considered and
weights determined
AHP, including hazard.
Overall vulnerability
not determined, and
each factor was input
into the risk equation.

Risk included a
third
dimension,
exposure
(includes
number of
people/cars,
industry,
agricultural
land, land use,
etc.)



Suriya and
Mudgal,
2012

Tingsanchali
and Karim,
2005

Vojtek and
Vojtekova,
2016

Results examined
both maps
concurrently to
examine overall
risk. No
overarching
mathematical
calculation of
total risk.

R=HxV

Overlay of hazard,
vulnerability, and
flood intensity.
Results examined
all maps
concurrently. No
overarching
mathematical
calculation of
total risk.

Based on HEC-RAS
modelled flood depth
with HEC-HMS as
initial step.

Hazard index (equal
weighting of depth
and duration).
Modelled by MIKE-11.

Scaled to values
between 0-100.

Classified based on
three flood hazard
categories (high,
medium, low), and
can be summarized as
recommendations for
urban planning.
Analysis performed in
HEC-RAS.

Considered as
“probability of
occurrence” by
overlaying maps of
rainfall, size/slope of
watershed, gradient of
river, drainage
density, soil types,
land use,
infrastructure.

Factors ranked and
weighted depending
on flood influence.
Vulnerability of each
cell = sum of all
weighted factors.

Expressed between 0-
1, based on
population density.

Three categories of
risk: given area’s
functional land use
(high acceptable risk =
natural spaces;
medium acceptable
risk = recreation
spaces and residential
greenery; minimum
acceptable risk =
residential,
commercial,
agriculture, industry,
other infrastructure)

Risk included a

third
dimension,
flood
intensity.

This was a
function of
HEC-RAS
modelled
water depth
and velocity.



Zhang et al.,
2022

R=HxV

Four levels of risk
grouped by scores
(safe (1-3),
moderate (4-9),
major (10-16),
severe (20,25)
grouped by scores
(1-25).

Performed for
each municipality,
and each Hand V

Based on coverage of
flood, percentage of
inundated area, and
flow velocity for each
administrative area.
Normalized scores of
1-5. Analysis
performed in HEC-
RAS.

Sum of socio-
economic exposure
and impact indicators
(land use, livelihood,
economy,
infrastructure, gender,
education, population
density, population
age/dependency) with
varying weights. Then
normalized scores of
1-5. Weighting
method not specified.

are weighted with
specific weights
assigned for each
municipality.

These papers varied by performing the calculation on grid cells, regions, or grid cells later summarized
into regions.

1.2.2 HEC-RAS Rain-on-Grid

To create a hazard map of flooding, there are numerous potential models to use
independently or in conjunction, such as UniCal (Costabile et al., 2021), FESWMS
(Cook and Merwade, 2009), LISFLOOD-FP (Horritt and Bates, 2002), TELEMAC-2D
(Horritt and Bates, 2002), MIKE 11 (MSB, 2020), and MODFLOW (Rodriguez et al.,
2008) and HEC-RAS (David and Schmalz 2021, Zeiger and Hubbart 2021). To create
the map of flooding itself, a hydraulic model is used to show water moving over the
terrain. Conjointly using a hydrologic model can model precipitation and other
conditions in the modelled area that can improve the accuracy of the hydraulic
model.

The United States Army Hydrologic Engineering Center has created numerous open
software programs related to this, for example, the hydrologic model (HEC-HMS)
and hydraulic model (HEC-RAS). These two models can be used in multiple hazard
mapping cases, such as dam ruptures, climate predictions, complex braided
floodplains, and paleoflood modeling (Benito et al., 2004; Sheffer et al., 2008; Tayefi
et al., 2007; Yochum et al., 2008).

There is a relatively new hydraulic-hydrodynamic function within HEC-RAS, which
uses a rain-on-grid hydrodynamic model as a basis to perform 2D hydraulic functions
and results (Costabile, 2020). This means that precipitation can be an input into a 2D
hydraulic model. The rain-on-grid model was initially added to the HEC-RAS software
in 2016. Since then, updated functionalities throughout the various HEC-RAS
versions have improved its abilities and use cases drastically, particularly in recent
years (Zeiger and Hubbart, 2021). This was thanks to the addition of the infiltration
parameterization in 2021 and was likely the most significant software update and
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when rain-on-grid could truly begin to be used as a simplified hydraulic-
hydrodynamic model (Costabile et al., 2021). It is now used in scientific research and
for private commercial use regularly and has been shown to be effective in
comparisons to other hydrological models (Costabile et al., 2021; Ginting et al.,
2023; Malik and Pal, 2021).

The HEC-RAS two-dimensional rain-on-grid model uses a mesh grid, which organizes
a large area into a mesh grid, creating many cells of which individual calculations can
be performed. Both hydrological and hydraulic calculations are performed on this
cellular level. The hydrological portion, which concentrates on the water cycle, is
calculated with the new quantity of rain arriving in each mesh cell by precipitation or
neighboring cell and the amount of water leaving the mesh cell by either permeation
or run-off. The hydraulic portion, which concentrates on the mechanical behavior of
the water over a surface, calculates the flow’s direction, height, and velocity per
mesh cell, and directs run-off to the receiving mesh cell. This allows for snapshots of
the quantity of water and the velocity to be displayed according to the time interval
selected. An example of a snapshot and the visible mesh grid is in Figure 1.

.
i

s

-------

oooooooo

Figure 1: An example of the HEC-RAS rain-on-grid model calculating and displaying
water depth of the Kdvlinge Watershed, with the mesh grid overlay. Note how the
mesh grid changes to follow the river geometry.

HEC-RAS 6.4.1 has two options for calculating two-dimensional unsteady flow with
the two-dimensional Saint Venant equations either in full, with the shallow water
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equations (SWE), or partially, with the diffusion wave equations (DWE) (Hydrologic
Engineering Center, n.d.-b). DWE is the default for the system as it works well in
most situations. SWE must be tested against DWE and is better adapted in more
dynamic cases such as highly accelerating floods, sharp bends in the river, or tidal
interferences, but is also extremely time intensive (Brunner, 2022). The full two-
dimensional Saint Venant equations are as follows:

oC Jdp OJdq (2)
§+a+@—0

dp 0 (p*\ 0 /pq
3t a(r) +3,(%)
_ n’pgyp*+q° aC 0 0
= Tz gh o+ f+ % (hty,) + 55y (htyy)

(3)

dq 9 (q*\ 9 (pq
a+@(7>+a(7)
_ n’qgyp* +q? aC 0 0
= 2 —gh 3y +qf + 23y (h‘l’yy) + o (htxy)

(4)

where g represents gravity acceleration (ms2), h is the depth of water in meters, n is
the Manning’s roughness coefficient, p and q are water flows in the x and y direction
(m2s1), Cis the elevation in meters, and p is the density of the water in kilograms per
meter cubed. T refers to the effective shear stress of the component in question.
This study does not apply to the more dynamic need cases for SWE, and therefore
uses DWE, which means that equations 3 and 4 are not considered.

Unlike many other hydrological or hydraulic models, HEC-RAS’ rain-on-grid is special
due to its simplified nature, which makes use of the minimal inputs and amount of
parameterization required. The basic inputs are all raster (a data form using
rectangular cells) and include a digital elevation model, an infiltration layer, and
Manning’s roughness coefficient. The digital elevation model is a raster layer with an
elevation value for each cell and significantly impacts the movement of the water
from grid cell to grid cell. The infiltration layer determines how much water is
permeating into the soil and has several methodological options, including Curve
Numbers, which is a value that represents the combination of the permeability of
both soil and land cover to determine how much water permeates into the ground.
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The Manning’s roughness coefficient is a value per cell describing the speed of water
over an area, related to the amount of friction the water experiences while moving
through the grid. The unit for the Manning’s roughness coefficient is time over cube
root distance. In addition, geometric data is created including the mesh grid where
each mesh cell undergoes the calculation of water flow, and an additional boundary
condition (where water exits). The last input is the boundary condition of water
being input into the system (specifically, precipitation data).

The parameterization at the most basic requires only a calibration of the infiltration
layer and Manning’s roughness coefficient. Because of the lack of other parameters
and the importance of Manning’s roughness and infiltration in this model, they are
tested within the range of +/- 50% (Ginting et al., 2023; Khadka et al., 2018).
Occasionally, due to the limited parameterization possible, there are also cases
where it is necessary to test beyond 50% (Zeiger and Hubbart, 2021). The amount of
infiltration is impacted by changing the curve number primarily, and also the
abstraction ratio and minimum infiltration rate.

It should be noted that both Manning’s roughness coefficient and infiltration are
vulnerable to temporal variability. This means that the values change depending on
things like weather conditions, seasonal changes, or impacts from development
(Maneta et al., 2007; Mazarei et al., 2021; Xu et al., 2019). This means that the most
ideal starting values for Manning’s roughness coefficient and infiltration will likely
differ for different starting time periods. For the most accurate results, the model
will calibrate and validate Manning’s roughness coefficient and infiltration for each
temporal scenario.

The 2D HEC-RAS rain-on-grid can be further optimized using additional factors. For
example, there are variable time step options, which changes the rate of calculation
depending on the conditions of the system and is a function of flow velocity and flow
length. There are also Initial Conditions, which can be used to shorten the dry start-
up period of the model. The start-up period is the period of time prior to any rainfall
or other flow input, where the model is dry until there is an input of water. As such,
adding Initial Conditions is necessary to add a starting quantity of water flow in the
system to the beginning of the model’s run, so there is water flowing prior to any
rain event and as such providing a more realistic start-up to the time period.

Though HEC-RAS’s 2D rain-on-grid’s methods are quite simple in regard to inputs, it
has comparable results at the watershed scale to other more complex models
(Costabile et al., 2021; Godara et al., 2024; Zeiger and Hubbart, 2021). It has been
found to be reliable in numerous use cases in the following studies. In one study that
examined extreme rainfall events reliability as modeled by HEC-RAS, rain-on-grid
was found to have very low error (Ansori et al., 2023). The rain-on-grid model was
also tested in complicated scenarios such as areas with terraced walls for ancient
agricultural practices or in wildfire burnt areas and was found to function well using
synthetic storms in these cases (Alamanos et al.,, 2024; Stavi et al.,, 2024).
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Advantages have been found when modeling flooding in urban spaces, including
intricate drainage channels, canals, and irrigation (Ontowirjo et al., 2023; Savitri et
al., 2021).

One disadvantage of HEC-RAS rain-on-grid compared to other modeling systems is
the length of computation time. While access to resources such as super computers
might mitigate this issue, for the majority of studies’ resources, this is not a
possibility, and therefore it is necessary to consider the input resolutions’ effect on
computation time. In fact, it is such an issue, that many studies mention
computation time and how they have managed to find an appropriate balance
between computation time and detail. Some studies have found that some inputs
had to be generalized to reduce calculation time dependent on the watershed size
(David and Schmalz, 2021; Zeiger and Hubbart, 2021). However, these compromises
are not unreasonable. In the case of a large watershed, while a larger computation
mesh grid is likely necessary, it does not impede accuracy significantly (David and
Schmalz, 2021). In addition, a higher resolution digital elevation models (DEM),
which is a raster layer that has one value of elevation for each cell, are not
necessarily more accurate for HEC-RAS rain-on-grid, potentially because the rain-on
grid’s grid cells simplifies the DEM’s information if the DEM is of a higher resolution
than the established HEC-RAS grid cell (Ginting et al., 2024). In the case where large
watersheds cannot make the compromise of larger cell sizes, it has been found that
running separate sub-watershed models was effective (Hariri et al., 2022).

As established in Table 1, modeling hydraulics of rivers can be useful for risk
assessments. However, many of the studies in Table 1 are performed with the
commonly used HEC-RAS 1D or 2D, but without using the rain-on-grid function. Due
to the new nature of HEC-RAS rain-on-grid, a literature review of the performance of
HEC-RAS rain-on-grid would be useful and can be found in Table 2. As can be seen,
HEC-RAS rain-on-grid, despite being new, is an effective method of hydraulic
modelling.

The advantages of the HEC-RAS rain-on-grid model are significant because it offers a
special advantage in its simplicity, concurrent hydraulic and hydrologic modelling
and because there are no financial charges. This means that it can be implemented
easily and cheaply in developing countries and areas with lower access to data
(Costabile et al., 2021; Kalra et al., 2023; Malik and Pal, 2020). As a result, it has been
and will continue to be a useful tool for risk assessments (Ennouini et al., 2024; Nkeki
et al,, 2022; Nkeki et al., 2023).

12



Table 2: Literature Review of Performance Metrics of Studies Using HEC-RAS Rain-on-

grid
Reference Use Study Area Performance
Alamanos et Simulation of historical Kineta Satisfactory Performance
l., 2024 -fire flashfl W h -
al., 20 POSt Ire flas oo.d, . atersz ed Critical Success Index = 0.65
integrated modeling with (40 km?),
atmospheric model for eastern
precipitation input. Greece
Ansori et al., Case study of extreme Wiroko Sub- Good performance of Peak
2023 rainfall events (100 mm in Watershed discharge difference = 0.8%,
firsth 183.9 km? - . .
irst hour) j 83.9 km?), Significant discrepancy of time to
ava, . peak discrepancy = 1.93 hours
Indonesia
Costabile et HEC-RAS rain-on-grid Small-scale Good performance in simulations in
al.,, 2021 benchmark study real-world real-world tests
tests (urban Partially unsatisfactory performance
Glasgow, . .
in synthetic tests
Scotland),
and synthetic
tests
David and HEC-RAS rain-on-grid Messbach Good performance
Schmalz, 2021 benchmark study galt:::hf;i Nash-Sutcliffe Efficiency 2 0.8,
) mh Difference in Maximum Water-
central .
G Surface Elevation =.03 - .05 cm,
ermany Volume Deficit = 5%, Volume
Balance = 95%
Ennouini etal.,, Flood risk assessment at Terdoppio Good performance
2024 catchment level Novarese . . .
Difference in peak discharge = 3%
Sub-
Watershs.d Unsatisfactory performance, total
(75.8 km?), volumes

Ginting et al.,
2023

Godaraetal.,
2024

Comparison of HEC-RAS 2D
rain-on-grid and several
synthetic unit hydrograph
methods

Comparison of TELEMAN-
2D and HEC-RAS 2D rain-
on-grid modeling
techniques

northern Italy

Katulampa
Watershed
(151.3 km?),
Indonesia

Sleddalen
Watershed
(10.5 km?),
western
Norway

13

Tested against synthetic design
hydrographs
Good performance

Root mean square error = 1.98,
Pearson product moment
correlation = 0.93

Good performance
Nash-Sutcliffe Efficiency = 0.7 - 0.9,

Coefficient of determination = 0.93 -
0.95



Hariri et al., Testing of watershed Saar Good performance
2022 de.con:_::;ocsﬁl:; ;I;eth'od V;/a;:;sli\egl Volume deficit < 12%, Nash-Sutcliffe
using HEL- rain-on- (L, m°), Efficiency close to 1, ratio of the root
grid northeastern mean square error to the standard
France deviation < 0.5
Malik and Pal, | Case studies of historical Dwarkeswar Good performance
2021 monsoon flooding \I}\l/ver hed Pearson correlation = 0.93, root
aters ez mean square error = 0.69, Nash-
(4,357 km?), Sutcliffe Efficiency =0.71
eastern India
Nkeki et al., Flood risk mapping Ona Good performance
2023 including analytical Watershed, Results consistent with historical
hierarchy process in western data = 90%
junction with HEC-RAS rain- = Nigeria
on-grid
Zeigler and Evaluating integrated Hinkson Good performance
Hubbart, 2021 = modeling approach with Creek Nash-Sutcliffe Efficiency = 0.33-0.92
SWAT (Soil and Water Watershzed Coefficient of determination = 0.86-
Assessment Tool, to model (232 km?), 0.97, percent bias = 10.4-33.8%
rainfall rate to be used for central

rain-on-grid input) United States

1.2.3 Calibration and Validation Procedure

Ensuring an accurate and usable model requires a calibration and validation
procedure (Bates et al., 2004; Moriasi et al., 2015). Without a calibration and
validation procedure, it is not possible to know that the model created is accurately
representing reality. This is particularly important when considering the possible
decisions being made thanks to the results (Bennett et al., 2013; Van Calster et al.,
2019).

Calibration is the initial process of changing the models’ parameters as needed to
make the model more closely reflect what was observed in reality. Generally, this is
done by using a sensitivity analysis, which is when one parameter is adjusted at a
time to find the effects of that parameter on the model, and then continuing this
process until the right mix of parameter adjustments and their values are found.
There are several methods during the sensitivity analysis, for example experimenting
by removing certain parameters all together, performing an organized sensitivity
analysis that performs every possible combination (very time-consuming), or a trial-
and-error sensitivity analysis that adjusts parameters and keeps what changes are
working and fixes what changes are not.

To be sure if this calibration is working, it is necessary to compare the result of the
model with observed data. For previous HEC-RAS rain-on-grid studies, this has been
done with several different types of observed data, including historical reports,
hydrographs, flooding extent aerial imagery, and gauge data (such as height,
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discharge, velocity of water) (Ennouini et al., 2024; Hariri et al., 2022; Malik and Pal,
2020; Nkeki et al., 2022; Zeiger and Hubbart, 2021). When the results of the model
closely reflect the observed data, the calibration can be considered finished.

However, during the calibration phase, comparing one result of the model to a piece
of observed data is not enough to have confidence in the model. When possible, a
model should be compared temporally and spatially, which is called a split-sample
procedure (Bates et al., 2004; Vazquez et al., 2002). Considering the temporal aspect
is important due to potential differences in climate; for example, calibrating a
hydrological model in wet periods may not produce accurate results during a dry
period in the same area (Seiller et al., 2012; Zeiger and Hubbart, 2021). As such,
including multiple time periods and different conditions will likely result in a better
calibrated model.

The spatial aspect adds another layer of confidence. For example, if only one site is
used (or if all sites in a catchment are close together), the model is being evaluated
based on one area of the catchment, and may be poorly calibrated elsewhere
(Refsgaard, 1997; Seiller et al., 2012; Vazquez et al., 2002). Several HEC-RAS rain-on-
grid include this method to increase the confidence level of the model (Alamanos et
al., 2024; David and Schmalz, 2021; Zeiger and Hubbart, 2021). This is because many
HEC-RAS rain-on-grid studies examine event-based flooding and are therefore
limited in the temporal aspect. To counteract this problem, a suggested technique is
to split up the event into stages, and to perform a split-time calibration using the
one event (Moriasi et al., 2007).

Besides split-time and split-site, it is also possible to use different types of data. For
example, some HEC-RAS rain-on-grid studies have used both gauge data and aerial
imagery of flooding area to calibrate the model (David and Schmalz, 2021; Malik and
Pal, 2020). The more variation in the data used in the calibration process, the more
robust and accurate the model will likely be.

There is a disadvantage to this calibration process, even with split-sampling (albeit
that reduces this negative effect). This is overfitting, which means that the model
can explain the reality extremely well given the samples used to calibrate, but when
the model is put into other scenarios it performs poorly (Radosavljevic and
Anderson, 2013; Val Calster et al., 2019). To avoid this, the second stage of validation
proceeds after the calibration phase.

The validation phase uses a new set of data, also preferably split-site and split-time,
to evaluate the model. It is imperative for final result of the calibration and
validation process that there are separate groups of data for both steps, as this
prevents errors and overfitting (Bennett et al., 2013; Radosavljevic and Anderson,
2013). Likewise, as with calibration, the more varied the types of data used in the
validation process, the more confident the model.
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1.2.4 Saaty’s Analytic Hierarchy Process (AHP)

An AHP is an effective type of multi-criteria decision analysis (MCDA), weighting
multiple factors together using subjective reasoning and is used in over 40% of
MCDA papers (de Brito and Evers, 2016). A commonly used method by Saaty (1980),
has been said to provide a “crispness” to the subjective reasoning, including a
method to consider human faults and biases into the final weights (Zou et al., 2012).
It has been used often in risk assessments, occasionally for the hazard portion and
typically for the vulnerability portion and was used in nearly all vulnerability
weighting cases in Table 1. This is because the vulnerability is complex,
unquantifiable, and dynamic, and as such using a MCDA is an effective way to
evaluate it, particularly when using a spatial aspect to aide in the calculation,
visualization, and analysis of vulnerability (Adger, 2006; Apel et al., 2004; Ouma and
Tateishi, 2014; Weichselgartner, 2001).

Saaty’s AHP uses a standard pairwise comparison to determine the weighting.
Essentially, a person compares multiple variables by separately rating differences
between two at a time and later calculating their subjective weighting, thus making
it more comprehensive (Saaty, 1980). While very effective, breaking down the
multiple comparisons to a more digestible two variables at a time has a limit around
7-10 total variables (Teknomo, 2006).

To perform an AHP, first the overall goal and hierarchical structure is determined (if
there are subfactors of factors), and the ensuite step is performing a pairwise
comparison matrix. This compares two of potentially many variables at a time.
Because each relationship is examined twice, the reverse of the relationship is also
the reverse in the matrix. For example, a relationship that is given a value of 4 will be
% in the reverse relationship. Depending on the number of variables, n, the structure
of the pairwise comparison matrix A is as below:

W, Wy W11
wi ow,  wy
Wy Wp W
A=l|w, w, = w, (5)
Wn M}n Wn
wy w, W,

wherew > 0and Y-, w; = 1.

To perform each comparison, Saaty’s (1980) scale is used, of values between 1 and
9. A value of 1 is equivalent to equal importance. Where each variable is compared
against itself, this value is sure to be 1. A value of 9 is representative of “extreme
importance”, and the scale of numbers between 1 and 9 are used correspondingly.
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The next step is to calculate the weights using the matrix. This is determined by the
Priority Vector, or the Normalized Eigen Vector (W). This is calculated by first finding
the sum of all columns in the matrix. This sum is then used to calculate the
normalized matrix, by dividing each relationship value by the sum of the
relationships in its respective columns. To obtain the Normalized Eigen Vector, the
normalized matrix’s variable rows are averaged. The total of all Normalized Eigen
Vectors should be 1, as these are the weights to be used in the analysis. This process
is summarized by the following equation:

TW1 wi w; Wi |41 Wi
wy  Lawy wy Law,  w, Law,
1|2 N'We W2 NTWi o W2 W

W = ol 1 W, w, w, Wy, wy, (6)
Wn . w; Wy . . w; . Wn . w;
wy T Lawy wy  Law,  wy, | Law,]

The steps of determining the Normalized Eigen Vectors and the normalized matrix
are necessary steps. While it could be possible to determine weighing coefficients
simply based on the original matrix and relationship scores, using the Normalized
Eigen Vectors as weights accounts for the inconsistency of human decisions,
judgements, and feelings (Saaty, 2003).

Likewise, due to the nature of the fact that these comparisons are being made only
two relationships at a time, it is necessary to check for consistencies throughout the
relationships of all variables as a whole. An example of this is if Variable A is more
important than Variable B, and Variable B is more important than Variable C, then
through the transitive property, Variable A should be more important than Variable
C as well. The magnitude of the difference of importance between the variables
comes into play here too — if A is enormously more important than B, B enormously
more important than C, it would not be logical that A is only slightly more important
than C.

To check the consistency, the Consistency Ratio is determined and should be less
than 10%, where the amount of inconsistency present is acceptable. This is
determined in several steps, the first of which is to calculate the Principal Eigen
Value. This is calculated by calculating the sum of each respective column sum in the
original matrix multiplied by the respective Normalized Eigen Vector.

The next steps include the Consistency Index (CI) and the Consistency Ratio (CR),
which are as follows:

CI:Amax_n (7)
n—1
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CR = — (8)

where A,,, is the Principal Eigen Value and RI is the Random Index Value. The RI
value is based on the number of variables in question (n, always more than 2
because AHP consists of only 3 or more variables) and can be determined by
referencing Table 3. The resulting value of the Consistency Ratio should be less than
0.10, which is less than 10% and is considered within the acceptable range of
inconsistency.

Table 3: Random Index Value Table

1 2 3 4 5 6 7 8 9 10

RI

n
‘ 0.00 0.00 0.58 0.90 1.12 1.24 1.32 141 1.45 1.49

1.3 Study Area

The study focuses a section of the Kavlinge River, in Skane county in Southwest
Sweden. The river begins at Lake Vombsjon and runs for about 50 kilometers
through flatlands before supplying the @resund Strait, which separates Sweden and
Denmark and connects the Baltic Sea and North Sea. The surrounding flatlands
consist of mostly agriculture, with some urban or rural infrastructure typically close
to the Kavlinge River, and occasional forest patches.

The section that is being concentrated on begins at the confluence with the last
major tributary, the Braan River, and continues for the last 23.6 kilometers prior to
ending in the @resund Strait. It was decided to concentrate on this portion of the
river for several reasons. Most importantly is that because the focus of this research
is the risk of disaster, and therefore examines the intersection of humans’
vulnerability and the natural hazard. The great majority of human populations along
the Kavlinge River live in this 23.6-kilometer section, where it passes through or
close to several medium sized towns: Kavlinge, Furulund, Loddekdpinge, and Bjarred
(upstream to downstream). These populations close to the river are disconcerting
because a study of past flow levels of the Kavlinge River shows that the river
frequently floods and affects the fields and urban spaces close to the river (Baden
and Davidsson, 2016). Another major reason is because of the lack of additional
major tributaries, which simplifies the HEC-RAS modelling without compromising on
the focus of the research. This practice of selecting a portion of river with the
highest level of interest, as opposed to modeling the river in its entirety, is common
and vyields results (Cook and Merwade, 2009; Horritt and Bates, 2002; Knebl et al.,
2005; Rahmati et al., 2016; Suriya and Mudgal, 2012).
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Figure 2: The Kdvlinge Watershed

The map presents the elevation and extent of the watershed, along with the rivers
and lakes. The main river focus of 23.6 kilometers (after to the Bradn confluence) is
highlighted. For context, the watershed is shown in red in relation to Sweden and its
counties.

The watershed is a relatively narrow area, as seen in Figure 2. The area of the
watershed is 1203 kilometers squared, with a perimeter of 229 kilometers. The
highest elevation in the watershed is 191 meters above sea level, and the lowest
elevation is where the river meets the @resund Strait, at sea level. On average, the
elevation is 77 meters above sea level. The baseline of flow at the Hégsmodlla gauge,
which is located in the center of the 23.6 kilometers this study examines, typically
ranges from 2 to 5 meters cubed per second in dry months, which is typically July
and August.

A review of the literature of this region shows that several studies modelling flooding
have already been conducted using the Kavlinge River. These studies include
university research papers and governmental inquiries. Two studies have examined
the amount of discharge in climate scenarios used HEC-HMS, which is a hydrology-
exclusive software program and does not perform hydraulics or mapping of the
results (Hu, 2022; Wicher, 2016). Flooding has been modeled using HEC-HMS
conjoined with HEC-RAS to perform the hydraulics and making to study flood
scenarios using present predictions (Khadka et al., 2018). Only one study has been
performed using only HEC-RAS, to test dam altering scenarios’ effects on ecology
(Tollgren and Walldén, 2017). Another university research paper used a different
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modelling software, MIKE HYDRO, which examined river straightening scenarios
(Olguin, 2020). Similarly, using a different software program, a governmental inquiry
examined flooding scenarios using present predictions and climate using a different
modelling system, MIKE 11 (MSB, 2020). Regardless of the modeling system used, all
results have shown that the calibration and validation process lead to a successful
flooding prediction model in this area. As expected, the climate models show greater
flooding with climate change in relation to the increase of precipitation and
worsening storm events.

No previous study has used the model in a comprehensive analysis of natural
disaster risk. This would include finding not only the results for flooding event
scenarios to create a flood hazard map, but also creating a flood vulnerability map to
combine into a natural disaster risk map. While there are other studies that examine
separate vulnerabilities, they have not visualized, or combined multiple
vulnerabilities into the same map, or united vulnerabilities with flood hazard (Baden
and Davidsson, 2016; Lunds Kommun and VA SYD, 2017). In addition, no study has
used the relatively new HEC-RAS rain-on-grid model to model this area.
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2. Data and Methods

The overarching goal of this study is to examine two scenarios of natural disaster on
the Kavlinge, which are present-day heavy rain period flooding and future heavy rain
period flooding. To do this, vulnerability and hazard maps are made, analyzed, and
multiplied together. The process and the components are shown summarized in
Figure 3.

Goal Flood Risk
A A v
Criteria Hazard Vulnerability
Inputs P N Factors
(* = Calibrated) DEM Land Cover (Weighted)
*Manning’s n |« »| Schools
*Infiltration |« »| Roads/Railways
Precipitation [+ » Pop. Density
»| Pop. Fragility
| Municip. & Cultural
“Linfrastructure

Figure 3: Risk Assessment Components

However, prior to being able to create the hazard and vulnerability maps, the initial
data must be preprocessed in order to become the inputs into the model for hazard
and an AHP for vulnerability.

2.1 Data

Nearly all initial data was found in publicly facing sources offered and organized by
multiple organizations through the Swedish government. Only some geographic
conditions required for the hazard maps was created in HEC-RAS by hand. The data
downloaded or created can be found in Figure 4. A crucial first step for all geographic
data was to ensure that the data is in the Transverse Mercator projection and in the
SWEREF99 TM projected coordinate system (Lantmateriet, n.d.-b). This is standard
for most Swedish public geographic data since 2003 when it replaced the RT90 2.5
gon V (Klokan Technologies GmbH, 2021). It can be referenced to with the EPSG
Geodetic Parameter Dataset value 3006.
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Initial Data

Required
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Figure 4: Data required for the methods that result in the risk assessment factors of
hazard and vulnerability

2.1.1 Hazard Data Preprocessing

There are several data that are required to run the hazard model in HEC-RAS,
including the DEM, Manning’s roughness coefficient, an infiltration layer, perimeter,
mesh grid, and an external boundary condition, as well as additional data to confirm
the model is working, which is the observed discharge.

The digital elevation model is one of the most important inputs to a hydraulic model
because elevation is an important determiner of where water will travel and as such
the resolution should be as high as possible (Casas et al., 2006). The digital elevation
model (DEM) used in this study is a 1-meter resolution model, which means that the
layer is in meter-by-meter cells with one elevation value for each cell (Lantmateriet,
n.d.-a). This data was downloaded in several tiles, merged together, and clipped to
the watershed in order to increase processing speeds. The DEM of the watershed is
shown in Figure 2. While other hydrological models require additional preprocessing
steps (such as fill sinks), it is not necessary for HEC-RAS rain-on-grid (Hydrologic
Engineering Center, n.d.-b). Another step used in some studies is digitizing specific
bridges, buildings, or culverts; however, in large scale uses (including watersheds as
in this case), there is no need because the DEM itself is sufficiently containing this
information (Zeiger and Hubbart, 2021).
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To create the Manning’s roughness coefficient layer and the infiltration layer, land
cover data is needed. This is downloaded was for the entire country and contained
dozens of different land classifications (Naturvardsverkets, n.d.).

This land cover layer was then exported into a new layer and received Manning’s
roughness coefficients according to the HEC-RAS 2D User’s Manual (Hydrologic
Engineering Center, n.d.-b). Because the user’s manual typically uses a range of
values, the study by Asante et al. (2008) informed initial Manning’s values. These
values are one of the parameters that are later changed in the calibration process. A
map separating areas by Manning’s n roughness coefficients can be found in Figure
5, where the values reflect the calibrated values. The original values and the
conversion can be found in Appendix 1. While Manning’s values are nuanced
because of seasonal and year-to-year differences, for simplicity, the same values are
used throughout the watershed, which is standard in procedure (Ansori et al., 2024;
Ennouini et al., 2024, Ginting et al., 2023; Kalra et al., 2023).

Manning's n Values
of Kavlinge Watershed
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Figure 5: Manning’s n values of the Kévlinge Watershed after calibration

The land cover layer was also used to create the curve number grid which serves as
the infiltration layer to be used in HEC-RAS. The infiltration layer estimates how
much rainfall permeates into the ground, and can be represented using several
methods, in this case, the commonly used curve number is used, which combines
the land cover with a soil layer from Sveriges Geologiska Undersdkning. The steps
taken are outlined in Merwade’s (n.d.) tutorial and establishes a baseline of
infiltration for the watershed, which is then adjusted during the running of the
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model to consider precedent precipitation and soil moisture (Hydrologic Engineering
Center n.d.-b). This is also one of the parameters later calibrated, and the map of the
calibrated curve number areas can be found in Figure 6. While the initial infiltration
values are nuanced due to previous weather conditions and soil moisture, the same
Curve Numbers are used, which is standard in procedure (Ansori et al., 2024;
Ennouini et al., 2024, Ginting et al., 2023; Kalra et al., 2023).

Curve Numbers
of Kavlinge Watershed
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Figure 6: Curve numbers of the Kdvlinge Watershed after calibration

Also necessary is the perimeter, which was created by tracing the watershed. The
perimeter then is used to establish the creation of the mesh grid. This creates cells
covering the watershed; each cell is a set of individual calculations regarding the
movement and quantity of water. Just prior to the 2D Flow Area mesh creation, a
shapefile of rivers using the Export Tool from the Humanitarian OpenStreetMap
Team (n.d.) was uploaded into the breaklines layer in HEC-RAS’s RAS mapper, which
adjusted the cells close to the river to follow the geometry of the river and improve
the model’s accuracy.

The grid size chosen for this model was 40 meters by 40 meters. While this size is on
the larger end of the spectrum as compared to other rain-on-grid studies, there are
several conditions which allow it. These conditions include the fact that the area is
generally flat and has uncomplex terrain (the velocity and direction of water are not
changing quickly), overall watershed is relatively large compared to other studies
(computation time is significant), and that the shape and size are adjusted along the
breaklines (accuracy is improved) (Hydrologic Engineering Center, n.d.-b). In
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addition, the general suggested relationship between resolution of the mesh grid
and watershed would result in 24 hours of computing time, and this study had an
average of 48 hours of computing time per model, though this depends on computer
capacity (David and Schmalz, 2021). Given the size of the study and computation
times, the cell size is a necessary compromise. Also added in the RAS mapper
window is a boundary condition line at the mouth of the river. With a condition type
of “external” this signifies that the water along these cells can leave the perimeter.

2.1.2 Preparation of gauge data

Once all initial input data was input in the HEC-RAS RAS mapper, the next step was
entering the unsteady flow data. The first boundary condition entered was for the
boundary condition line, in which the normal depth condition was selected. This was
calculated by finding the friction slope, which can be simplified by dividing the height
lost over the distance of the river. In this case, the friction slope was .00068 (16
meters of elevation lost over 23.6 kilometers of river). This calculates the rate of
which the water in the system leaves through the boundary line at the mouth of the
river. The second boundary condition was to enter how much water is entering the
watershed, which came from the preparation of rainfall gauge data.

Precipitation Data

The precipitation data needed as input into the rain-on-grid model was found on the
Swedish Meteorological and Hydrological Institute website (Swedish Meteorological
and Hydrological Institute [SMHI], 2024b). Hourly data is used to provide the model
more detail and improve the accuracy of the results. Two aspects of the data
required further pre-processing prior to being ready to insert into HEC-RAS; multiple
gauging stations needed to be taken into account and occasional, random
observations of data are missing.

While there were no hourly precipitation observation stations directly within the
watershed that are currently active, there are three stations nearby: Hoérby, Malmo,
and Skillinge. Because of the relatively close proximity of the three weather stations
and relatively flat terrain, a Thiessen interpolation of the watershed’s precipitation
could be utilized here. This interpolation approach is well-known and accepted to
provide a reasonable interpolation of multiple observations of precipitation for an
overall watershed (Anandhi et al., 2008; Wenli, 2022). This functions by calculating a
weighted average rain (WAR) according to the percentage of area that is closest to
each station, as seen in the equation below.

A, X R
WAR=—Z L= h (9)
Ay,

where the A; is the area of the Thiessen polygon for a given rain observation station,

R}, is the hourly rain for that observation station, and A4,, is the total watershed area.
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This is performed for all hourly observations to find the interpolated rain of the total
watershed.

Flow and Precipitation Gauge Sites =~ A —scrus s mn  come
and Precipitation Thiessen Areas R A il

0 25 5 10 15 20
| . Kilometers

Hérby

f\ltlnge

e Mla

.Vombﬁﬁn Ovre

Malmo

Skillinge

Esri, TomTom, Garmin, Foursquare, FAQ, METI/KASA, USGS

Figure 7: Flow and Precipitation Gauge Sites and Precipitation Thiessen Areas

In order to do this interpolation, Environmental Systems Research Institute, Inc.
(ESRI)’s ArcGIS Pro version 3.1.3 developed in Redlands, California (USA), was used.
The weather stations were plotted as points, and the function Thiessen polygons was
performed on the watershed polygon. This splits the watershed area into areas
based on which station is closest, which can be seen in Figure 7. Then using Posit’s R
Studio version 2023.12.1 Build 402 developed in Boston, Massachusetts (USA), the
weighted average is calculated using the sizes of the respective polygons’ area. In
the same script, missing values were also addressed. While missing data were rare,
they were accounted for by averaging the other two station’s rainfall values, and if
two stations’ values were missing for the same observation time, then the remainder
was used for the other two stations. Extremely rarely, all three stations were missing
a value. In this case, the weighted sum was calculated using the average amount of
precipitation in the hour before and the hour after, though this value was typically
not during a rain event and was zero.

Discharge Data

The discharge data are also needed to compare if the model is functioning well
because the calibration and validation is performed by comparing the simulated and
observed flow of discharge. Daily instantaneous discharge was found on the Swedish
Meteorological and Hydrological Institute website (SMHI, 2024b).
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The more gauge stations that are included in the calibration and validation process,
the more certain the results are. There are three observation gauges in the Kavlinge
watershed available on the SMHI open data website (SMHI, 2024b). They are
Hégsmolla, Ellinge, and Vombsjon Ovre. All three gauges provide daily instantaneous
observed values in meters cubed per second. However, Vombsjén Ovre calculates
observed flow after the dam that creates Lake Vombsjon, and the water released
there is a regulated flow. As such, it is not useful to use in a calibration or validation
of a hydrological model, and as such it is not used. However, Hégsmoélla and Ellinge
both monitor the natural flow. Hogsmélla is the gauge in the city of Kavlinge River
and therefore central to the exact length of the Kavlinge which is the study area.
Ellinge is used as a secondary site to confirm the calibration is acceptable in another
part of the watershed, specifically for the Braan River which is a tributary to the
Kavlinge just before the focus of the study area begins. With the exception of 2003
which had some missing hourly observations, all years of flow data have complete
observations.

Selection of Time Period

Due to very long processing times, only about 6 months could be run at a time in the
model. To select the time period to be used in the simulation, two visuals were
referenced. First was a chart that found the average daily discharge by month
between 1976 to 2023, as displayed in Figure 8. All possible years were included to
anticipate an overall climate pattern of this region, and this indicated that the 6
months from November to April had the highest discharge and are therefore the
wettest.

Average Daily Instantaneous Discharge per Month from
1976 to 2023
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Figure 8: Average Daily Instantaneous Discharge per Month from 1976 to 2023
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In addition, a bar graph of flow from 1995 to year end 2023 was analyzed and is
shown in Figure 9. This also showed that the highest peak discharges were also
during these winter months, generally around January and February. Flow was used
to determine periods of interest as opposed to precipitation because the initial goal
is to calibrate the rain-on-grid model’s ability to predict flow during periods of high
variation. As such, to have the results of 6 months, it was determined to begin in
November and end after April so the more turbulent and therefore complex flow
season is kept intact and examined.

Daily Instantaneous Discharge at the Hogsmolla Gauge
from 1 Jan 1995-31 Dec 2023
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Figure 9: Daily Instantaneous Discharge at the Hégsmélla Gauge from 1 Jan 1995-31
Dec 2023

Selection of Years

The vyears prepared were selected to input into the model based on the
requirements for calibration and validation. To calibrate using a shorter-term time
(typically the length of one rain event), it is better to use an above average or
extreme storm case (Costabile et al., 2021; Ennouini et al., 2023). However, when
using a longer-term period to calibrate which includes many rain events, it can be
advantageous to include dry and average years in addition to particularly wet years
to calibrate and validate (Zeiger and Hubbart, 2021). In this case, calibration was
performed with a longer time period similar to Zeigler and Hubbart’s study, and as
such a mix of high, medium, and low total volume of discharge years were selected.
To determine this, the total about of volume of discharge was determined per year,
beginning July 1 of the earlier year and finishing a year later on June 30, and sorted,
reflected in Table 4. Only the gauge of Hogsmdlla was used, due to it being the
gauging site that represents the entire watershed and the area of interest. While
flow records at Hogsmolla begins earlier than 1997, they were not included due to
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incomplete or inconsistent rainfall data prior to 1997, and the yearlong period of
2002-2003 was not included due to missing flow data.

Table 4: Total Instantaneous Daily Flow per Year

Year (1 Jul-30 Jun) Total instantaneous daily flow
from July 1 — following year
June 30 (m3)
2006-2007 7002
2007-2008 6711
1998-1999 6125
2017-2018 5876
2010-2011 5495
2001-2002 5472
2021-2022 5191
1999-2000 5111
2011-2012 4961
2014-2015 4714
2004-2005 4490
2015-2016 4333
1997-1998 4006
2012-2013 3986
2019-2020 3796
2000-2001 3652
2013-2014 3573
2022-2023 3504
2008-2009 3389
2005-2006 3139
1996-1997 3078
2020-2021 3034
2016-2017 2945
2003-2004 2896
2009-2010 2833
2018-2019 2695
2002-2003 2626
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For the calibration process, the years used were 2006-2007 because it was the year
with the highest total discharge volume, 2001-2002 because it had the highest peak
discharge (as evidenced in Figure 9), 2019-2020 because it was an average year, and
2018-2019 because it had the least total discharge volume.

The validation years were similarly selected to represent all possible conditions.
These are 2007-2008 because it was the second highest total discharge volume,
2012-2013 because it was an average year, and 2009-2010 because it had the
second least total discharge volume.

The prepared precipitation data is then entered into HEC-RAS under unsteady flow
data as a boundary condition of precipitation. The specific steady flow data years are
later selected in the unsteady flow analysis in correspondence to the calibration,
validation, and climate charge scenario stages.

2.1.3 Vulnerability Factor Pre-processing

There are multiple factors that are combined into one value of vulnerability, and
includes schools, cultural or municipal buildings, population density, population
fragility, railroads, roads, and land use. These factors were selected based on similar
factors used in other papers (Dang et al., 2010; Gain et al., 2015; Masood and
Takeuchi, 2011; Suriya and Mudgal, 2012; Zhang et al., 2022) and on data
availability. Some initial processing of the raw downloaded data had to be
performed first.

Because the goal is a raster file and because population data was already in gridded
form as a vector file, the same grid was used as a template for a new fishnet layer
(this ensures all factors have overlapping cells of the same size and location, and this
results in a clean final calculation). However, the population grid was set to a 1-
kilometer cell size. For a more detailed result, a 500-meter cell size was used, and
was aligned with the population grid.

The data to examine school vulnerability was found on the Lantmateriet geoportal.
This contained several layers, including points of past schools. Only layers of
presently active schools were merged into a single point layer. A spatial join with the
template grid resulted in a sub-final layer that provided number of schools per cell.
The maximum number of schools in one grid (22) throughout the watershed
established the maximum risk value (1), and equal breaks were used to assign values
between 0— 1 to all grids.

Similarly, another point layer was included in the analysis, which measured relative
risk to the public interest buildings of cultural buildings and municipal buildings. This
included cultural sites and municipal buildings, found in the Lansstyrelsernas
Geodatakatalog and Lantmateriet, respectively. The two layers were combined into
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one layer of public interest buildings, and the same steps were repeated as for the
school vulnerability, also resulting in values 0-1 to each grid.

Two aspects of vulnerability stem from population statistics (Statistikmyndigheten
SCB, 2024). These are population density and population fragility. Population fragility
refers to vulnerability as a cause of age, due to increased difficulties with disaster
communication and response (Clark et al., 1998; Miiller et al., 2011). To determine
population fragility, the vulnerable age groups are determined by two papers. In one
paper examining vulnerability, it determined people over the age of 60 as vulnerable
(Bolin and Klenow, 1983). Another paper that was analyzing vulnerability to
determine flood risk, by Zhang et al. (2022), identified vulnerable age groups as
children younger than 10 and adults 60 or older. As such, these age groups were
used as a previously identified more fragile age groups. Statistikmyndigheten SCB
data provided 5-year buckets and had the count of people in each bucket for each
grid cell. To create a grid of values of between 0 and 1 (most at risk), simple
calculations were made in the attribute table, totaling the number of people in the
vulnerable buckets for each grid. Then the grid’s percentage of more fragile age
groups was determined, and the decimal value was used as the value of risk (1 being
100% of the grid’s population is of a fragile age group), which assumes linearity of
vulnerability and the number of people.

For population density (Statistikmyndigheten SCB, 2024), the grid was clipped to the
watershed to find the highest density found in a grid completely in the watershed,
and the rest of the watershed was divided as a percentage of this highest density,
which provides a relative population density risk of the watershed. Any grid without
population took a vulnerability value of 0.

The infrastructure of transport was also considered with the layers of roads and
railways, which were exported from Trafikverket in 2024. To determine a
vulnerability grid, roads and railways were merged into a single polyline shapefile.
Then, the grid template was converted into a raster, so that the next step could be
performed. Using the grid template raster and the infrastructure pathways shapefile,
the tool Line Density was used to attribute the total quantity of lines in each grid cell
in relation to the overall cell size. Because cell size is standardized, this leads to a
value that can be compared between cells. The maximum density in the watershed
was determined, and raster calculator was used to determine each cell value’s
percentage of the maximum density. The maximum density is closer to 1, and less
dense is closer to 0.

The same land cover file as used in the HEC-RAS preparation steps
(Naturvardsverkets, n.d.) was used to determine vulnerability of the land cover itself.
Using the method of Masood and Takeuchi (2011), land use was prepared by first
reclassifying the values of any urban areas (labeled as 51, 52, and 52) to a high
vulnerability of 10, and the values of agricultural land (with a label of 3) to a low
vulnerability of 2. All other land covers are identified as no vulnerability and set to 0.
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Next, the raster to converted to a polygon vector file. Using this polygon file, the
Tabulate Intersection tool is used to find the percentage areas of vulnerability values
10 and 2 within each of the template grid’s cell. The percentage areas are weighted
as such, the percentage of area with a value of 10 were multiplied by 1 and the
percentage of area with a value of 2 was multiplied by .2. These two weighted
percentages were then combined and divided by 100 for a result that ranges from 0
to 1 (closer to 1 being more area is covered by vulnerable land). To find relative risk
of the watershed, the area was clipped to find the grid cell with the highest
percentage of vulnerable, and the file was recalculated to find the respective
percentage of the highest land vulnerability, which ranged between 0 and 1.

To transform all layers to rasters, all polygons were transformed using the raster
template created earlier to set cell size, extent, and to snap them.

2.1.4 Climate Scenario Data

The model used will be the RCP8.5 model by the IPCC (1992). While there are
numerous possibilities of what will happen to the climate by 2100, the RCP8.5 model
is used in this study because it is a realistic worst-case scenario, in which no effective
climate change policies are able to mitigate the quantity of emissions and is often
used in other studies as the anticipated worst-case (Portner et al., 2019; Riahi et al.,
2011).

The RCP8.5’s model of Sweden’s percent change in precipitation changes month to
month and regionally (Lind and Kjellstrom, 2008). To simplify the model in HEC-RAS
rain-on-grid, Sweden’s average percentage change of rainfall in the RCP8.5 model is
used as a multiplication factor. According to the Swedish Meteorological and
Hydrological Institute’s Advanced Climate Change Scenario Service, the RCP8.5
model predicts a 22.4% increase in precipitation on average in Sweden between the
reference years of 1971-2000 and the future years of 2071-2100 (SMHI, 2024a).

However, because this is a localized study, this expected increase of precipitation
should be applied specifically to the historical precipitation of the watershed. As
such, this percentage of 22.4% was used to multiply the wettest year in (hourly)
record, which was the year 2006-2007. To create the data to be input into HEC-RAS,
the precipitation of the year 2006-2007 was modified in Microsoft’s Excel version
2410 build 18129.20116 developed in Redmond, Washington (USA) by taking each
hourly precipitation value and multiplying this by 1.224. This provides the future
hourly rain for a wet year for 2100.

2.2 Hazard Map Method using HEC-RAS 2D Rain-on-Grid

The two hazard maps are created using HEC-RAS’s hydraulic-hydrodynamic 2D

unsteady flow model with rain-on-grid. The rain-on-grid set up followed the HEC-RAS

2D manual, and used the preprocessed data described earlier (DEM, Manning’s

roughness coefficient, infiltration layer, perimeter, mesh grid, and external boundary

condition). The unsteady flow input was created using the precipitation data for a
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given year. The HEC-RAS system used was the most up to date version at the time,
HEC-RAS 6.4.1, and used two Dell Inspiron 16 computers simultaneously to decrease
the time required to create an accurate model because computation time ranged
between 43-51 hours for each run. Many runs were necessary to create an accurate
model due to the calibration and validation procedure. Once the best parameters
are found, the heaviest rainfall year is used as the year with the highest hazard,
providing the first hazard map. The second hazard map for the climate scenario was
then created using the previously prepared climate scenario data.

2.2.1 Calibration and Validation

To calibrate this model, the sensitivity analysis is performed using years 2006-2007,
2001-2002, 2019-2020, and 2018-2019. The validation used the years 2007-2008,
2012-2013, and 2009-2010. The years were selected during the Preparation of gauge
data step as described earlier. To be considered an acceptable model, the
performance metrics had to be within the satisfactory range or higher when
comparing simulated and observed daily flow data.

To take the simulated flow values at the same locations as the observed flow gauges,
two profile lines were placed at a traverse at the points of the Hégsmolla and Ellinge
gauges, and the flow graphs are calculated at those profile lines. As mentioned in the
background, the best way to calibrate and validate the data is with split-site, split-
time, and with different methods (like gauge and flood area). In this case, a split-site
and split-time was possible. Two gauge sites located at two different locations in the
watershed had available data for many years, which allowed for testing of dry,
normal, and wet years. Because of the quantity of years, it was possible to make two
separate groups of these varying rain years, so the calibration and validation sets of
data did not overlap but shared a richness of data.

Performance Metrics Used for Calibration and Validation

The performance metrics used to compare the simulated and observed daily flow
data was selected based on hydraulic and hydrologic modeling literature. There are a
variety of performance metric statistics that test how well simulated values mirror
the real observed values. Each study needs multiple statistics to measure multiple
types of differences, such as if the simulated and observed peaks are a similar
volume at a similar time, if all simulated values consistently lower/higher than the
observed, are if the increases and decreases occur similarly, etc.).

The two earliest benchmark papers on HEC-RAS rain-on-grid are by Costabile et al.
(2021) and Zeigler and Hubbart (2021). Because Costabile et al. (2021) uses aerial
imagery of observed flooding to assess the performance of the model and this data
is not available for the Kavlinge, the evaluation method from Zeigler and Hubbart
(2021) is considered, which uses the Nash-Sutcliffe Efficiency (NSE), Coefficient of
Determination (R?), Percent Bias (PBIAS), and the ratio of the root mean square error
to the standard deviation (RSR). While a meta-analysis of the best hydrological
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model performance metric to use found that RSR is best used for smaller datasets
than this study is examining, the NSE, R?, and PBIAS were determined to be the best
combination of performance metrics possible for the watershed spatial scale and
daily discharge data (Moriasi et al., 2015). These three performance metrics were
therefore selected to be used in this study, and are explained as follows.

Nash-Sutcliffe Efficiency

The Nash-Sutcliffe Efficiency (NSE) is described by Nash and Sutcliffe (1970) as a
normalized statistic that compares the relative variance (noise) to the measured
data variance. This essentially measures how much of the variance in the data is a
result of noise, and how well the observed and simulated values coincide. If plotted,
then a perfect NSE would fit a 1:1 line, where higher observations are matched by
simulated values and lower observations correspond to lower simulated values. The
equation for this measure is as follows:

NSE = 1 — ?:1(Yi0bs _ Yisim)z (10)
- ?_1(Yiobs _ Yobs)z

where Y?°PSis the observation discharge and Y™ is the simulated discharge for a
given time point, and Y°PS is the average observed discharge. The NSE ranges from
negative infinity to 1, where 1 is the ideal value. Generally, values between 0 and 1
are satisfactory, but .5 or higher is a better cut-off for a robust model (Moriasi et al.,
2007). A value at or less than zero means that the mean observed value is better at
predicting than the simulated value and is therefore unacceptable.

Coefficient of Determination

The Coefficient of Determination (R?) is the amount of variance in the observed data
that is explained by the model. The value ranges between 0 and 1. The ideal R? is 1,
which would mean that all of the variance of the observed data can be explained by
the model and there is no variance stemming from errors. Anything between .5 and
1 is considered acceptable (Moriasi et al., 2007). The equation to calculate R? is as
follows:

| I

?:1(Yi0bs _ }_’ODS)(Yl-Sim _ Ysim)

\/(Yiobs _ Yobs)z\/(yisim _ YSim)z

R? =

(11)

Y°PS and Y™ are the observation and simulation discharges respectively,
and Y20 and Y™ are the average observed and average simulated discharges

respectively (Moriasi et al., 2015). A disadvantage of R? is that is sensitive to outliers
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and does not account for magnitude differences (for example, observed flow
basculates between values 2 and 10; a simulated flow that perfectly emulates the
form of the observed flows but with values between 20 and 100 could have a perfect
R? of 1).

Percent Bias

The Percent Bias (PBIAS) measures the extent of which simulated values tend to be
larger or smaller than the observed values. An ideal PBIAS is O, and positive values
indicate that the model underestimates the discharge and negative values means
that the model is overestimating. For example, a negative PBIAS means that the
model more consistently calculates higher discharge quantities than was observed.
According to Moriasi et al. (2007), the amount of percent bias can be up to 25% for
streamflow discharge. The equation for PBIAS is calculated as follows:

n (yobs _ ysim 1
ppias = |2 L ) * 100 (12)
i=1(Y"™)

Parameters to Calibrate and Validate

One of the most important parameters to calibrate in HEC-RAS rain-on-grid is the
infiltration. This can be done by adjusting the curve number, abstraction ratio and
minimum infiltration rate. In the sensitivity analysis in the Kavlinge Watershed, the
curve number was the only change that led to more reliable results. The Manning’s
roughness coefficients were then tested with a sensitivity analysis in the +/- 50%
range. After multitudes of iterations, the values that resulted in the best calibration
performance tests were determined; the final Manning’s roughness coefficients and
infiltration values can be referenced to in the results section.

One of the factors that had a large impact on the accuracy of the results was using a
variable time step, specifically with the Courant number method. The Courant
number is a ratio of distance covered by water in a time step and the size of the grid
cell (Hydrologic Engineering Center, n.d.-b). The variable time step method that uses
the Courant number will halve the time step, should the Courant number be above
the maximum Courant number given by the user in the parameters, which means
the water is moving too quickly for the desired calculation rate. If during the
simulation the Courant number is slower than the minimum Courant number given
by the user in the parameters, then the time step (rate of calculation) will double.
The Courant parameters were tested to find the most optimal. However, there was
not a significant change between numbers, which is expected in flat terrain because
water is not changing direction or moving as quickly as other watersheds (Hydrologic
Engineering Center, n.d.-b). As such, the values that were associated with the fastest
model run were used. These courant numbers are a maximum Courant of 2.0,
minimum Courant of .2, 4 steps below minimum before doubling, a maximum of 16

35



hours doubling base time step, and a maximum of 225 seconds for halving base time
step.

During the initial iterations and depending on the year, the dry start-up time varied,
with the model beginning only when the first precipitation in the time period
occurred. To ameliorate this and to begin with water flowing prior to any rain, the
Initial Condition option called Interpolation from Previously Computed Results was
used. Previous simulations were tested to find a time where discharge corresponded
to observed discharge and resulted in the best performances. After adding the initial
conditions, the starting period’s flow values were improved.

2.2.2 Running a climate scenario

At this point the model has been confirmed to be effective. Using the calibrated and
validated model, it can now be used to run potential scenarios and hypothetical
events. In this case, the altered precipitation in 2100 which is caused by climate
change will be examined.

The precipitation data for the wet-year climate scenario in year 2100 is then input
into the model following the same methods as the historical records, using the same
parameters and conditions that were already calibrated and validated for this
watershed. The result is the climate change wet year in 2100 flooding hazard.

2.2.3 Exportation and Visualization of Flood Depth

Now, in RAS mapper, the maximum daily peak of flooding for all results can be
exported. Because this study focuses on the rainiest year historical year and the
climate scenario’s rainiest year in 2100, these two runs are exported to create
hazard maps in ArcGIS Pro. The hazard, represented by water depth on the peak day,
was exported from HEC-RAS with a cell size of 10 by 10 meters to balance detail and
file size.

Once both the results from 2006-2007 and the climate scenario were in ArcGIS Pro,
export by attributes was used to set a water depth threshold for visualization
purposes. This is a typical necessary step for HEC-RAS rain-on-grid models, and the
water depth threshold is typically set to 0.1 meter (Ennouini et al., 2024).

To focus the area on the last segment of the river, the layer is then extracted using a
mask of the area of interest. Following this, the resulting layers are processed in
reclassify. This simplified the water depths into five categories: water depths up to 1
meter, between 1 and 2 meters, 2 and 3 meters, 3 and 4 meters, and more than 4
meters. These are also the categories of water hazard, with very low hazard, low
hazard, moderate hazard, high hazard, and very high hazard.

2.3 Vulnerability Map Method with Analytic Hierarchy Process

As seen in the literature review, there are numerous approaches to analyzing and
calculating risk and vulnerability. One of the largest differences in methodologies
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between these papers is the difference in factors and indicators used to calculate
overall vulnerability, likely due to differences in data availability and variation in
importance. An example of variation in importance is that a couple of studies in India
used education and literacy as an aspect of vulnerability due to impact on
information dispersal, but given Sweden’s socioeconomic level, those factors are not
taken into account.

The factors selected to indicate vulnerability were chosen based on relevance
according to the literature review, Sweden’s current socioeconomic level, and which
indicators had publicly facing data. As such, the datasets considered to impact the
area’s vulnerability are land use (urban area or agricultural), “primary” infrastructure
(schools, roads, railways), population factors (density and fragility), and “secondary”
infrastructure (municipal buildings and cultural sites, which are economically
important but not impacting emergency evacuations). These factors are important
economically as sources of income (agriculture, cultural sites, roads, railway) and
long-term assets (all infrastructure), in emergency situations as evacuation routes
and shelters (schools, roads, rail, and municipal buildings), and socially due to
increased difficulty of movement (population factors) and assets to education
(schools).

2.3.1 Analytic Hierarchy Process

These vulnerability factors should not be weighted equally. As such, the earlier
explained, commonly used analytic hierarchy process developed by Saaty in 1980 is
used, with help from a 2006 tutorial developed by Teknomo. Typically, a panel of
experts are consulted to perform the comparison. However, in this case, previous
studies using HEC-RAS and GIS to perform risk analyses that have already demanded
experts are used to generate a general ranking of importance, and this is used to
perform the pairwise comparison. As such, the ranking from more important to less
important was: land use; population factors and primary infrastructure; and
secondary infrastructure (Dang et al., 2010; Gain et al., 2015; Masood and Takeuchi,
2011; Suriya and Mudgal, 2012; Zhang et al., 2022). This ranking informed the
pairwise comparison found in Table 5. Likewise, in the chart, the resulting weights
that were calculated using Microsoft’s Excel version 2410 build 18129.20116 with
the method as explained by Teknomo (2006) are listed. Because there are not many
variables and the ranking was very clear, the consistency ratio (which measures
reliability of the judgements and should be less than 10%) was 0.01.
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Table 5: Pairwise Comparison of Vulnerability Factors and Resulting Normalized
Weights

Schools Roads/Rail- Land  Population  Population  Municipal Weight
ways Cover Density Fragility Buildings/ | (Normal-
Cultural ized)
Sites
Schools 1 1 1/2 2 2 3 0.195
Roads/Rail- 1 1 1/2 2 2 3 0.195
ways
Land Cover 2 2 1 3 3 4 0.332
Population 1/2 1/2 1/3 1 1 2 0.108
Density
Population 1/2 1/2 1/3 1 1 2 0.108
Fragility
Municipal 1/3 1/3 1/4 1/2 1/2 1 0.064
Buildings/
Cultural
Sites

Once the weighing has been found, raster calculator was used to combine all
vulnerability factors together with their determined weighting, as referenced in
Table 5. The script used for the raster calculator can be found in Appendix 2. The
final combined vulnerability layer is then multiplied to create 5 categories of
vulnerability, where 1 is very low, 2 is low, 3 is moderate, 4 is high, and 5 is very high
vulnerability. The multiplying factor of 7.06 was decided as such so the highest value
of risk in the area (about 0.7) will have the highest vulnerability value of 5, because
relative vulnerability is of interest and not a value of absolute vulnerability.

2.4 Risk Map Method

To create the risk maps, the equation R = H x V is used. A risk matrix multiplies
hazard and vulnerability and displays the categorized results by risk level (Ryu et al.,
2017). Both hazard and vulnerability range between 1 and 5 (5 being the highest
severity), and the results can be categorized into four groups, relative low,
moderate, major, and severe levels of risk (Zhang et al., 2022). While Zhang et al.’s
(2022) methodology was used, their use of the term ‘safe’ for the lowest level of
hazard is substituted with the term ‘low’, to signify that wherever there is a risk, it
cannot be considered completely safe.
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Raster calculator is used for both present-day and climate change scenarios to
multiply the vulnerability layer and respective hazard map to generate the two risk
maps. The risk maps are then categorized using the values as seen in Figure 10.

Relative - Level
5 (Risk Level 1)
Relative Moderate
>4 Level (Risk Level 2)
2 Relative Major Level
5 3 (Risk Level 3)
c
; 2 Re_lative - Level
(Risk Level 4)

Hazard

Figure 10: Risk Assessment Combination and Categorization
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3. Results
3.1 Calibration and Validation of the HEC-RAS Rain-on-Grid Model

The parameter conditions that led to the best statistics were a Manning’s roughness
coefficient of +40 % and an infiltration adjustment of -40%. A positive change to the
Manning’s roughness coefficient means that the water in the model needs to
experience increased friction to be more accurate. The original values of Manning’s
roughness ranged between 0.03 to 0.12, and after calibration the range was from
0.042 to 0.168. The attribution of values and the land use types can be found in
Appendix 1.

A negative change in the infiltration adjustment likewise removes and slows water in
the model, and the original CN values ranged between 58 to 100 and were adjusted
to range between 34.8 to 60. For this model to be more accurate, the amount of rain
that percolates into the ground as opposed to becoming run-off had to be more than
the original expected quantity. The resulting statistics of the most ideal parameters
can be found in Table 6.

Table 6: Calibration and Validation Performance Metric Statistics

Hogsmolla Ellinge
Year NSE R? PBIAS NSE R? PBIAS
2006-2007 0.62 0.65 18.6% 0.97 0.65
2001-2002 0.79 0.77 11.8% 0.91 0.51 22.8%
Calibration
2019-2020 0.75 0.66 4.3% 0.97 0.75 17.5%
2018-2019 0.60 0.72 0.95 0.72 11.1%
2007-2008 0.62 0.63 0.98 0.71 20.7%
Validation 2012-2013 0.50 0.98 0.50 7.6%
2009-2010 11.3% 0.88 3.6%

Highlighted in dark green are values within the commonly used Moriasi et al. (2007) standards, and
light green are the values considered satisfactory by the Hydrologic Engineering Center performance
metric standard (Hydrologic Engineering Center, n.d.-a). Orange values are considered unsatisfactory.

The calibration phase was relatively successful with only an occasional performance
metric value considered unsatisfactory by Moriasi and co-author’s (2007) standards.
Only the wettest 6-month time period of 2006-2007 and the driest 6-months 2018-
2019 had a discrepancy each, both of which for the PBIAS for the Ellinge and
Hogsmolla station respectively, as listed in Table 6. However, in comparison to the
unsatisfactory PBIAS values prior to calibration, they are not far from the acceptable
range. Other than this, all statistics were suitable. An example of the calibrated
wettest period’s (November 2006-April 2007) hydrograph comparing the observed
and simulated discharge can be seen in Figure 11. Though the hydrographs between
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observed and simulated are not exact copies, the shape of both Hogsmodlla and
Ellinge’s hydrographs largely mirrors the observed hydrographs, and most peaks are
close to the same quantity of discharge and the simulated dips are slightly lower
than the observed. According to the performance metrics, the Ellinge gauge station
is modelled slightly more accurately than the Hogsmolla station, particularly seen in
the NSE values. This is also visualized in Figure 11, as the Ellinge simulated values
follow the observed discharge values than for Hogsmaolla. The other hydrographs for
the rest of the rest of the calibrated years can be found in Appendix 3.

Hydrograph of Hogsmolla and Ellinge's
Observed and Simulated Discharge Between
November 2006 - April 2007
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Figure 11: Calibration hydrograph of Hégsmélla and Ellinge's Observed and
Simulated Discharge Between November 2006 - April 2007, a 6-month period used
for calibration for the HEC-RAS rain-on-grid model for the Kdvlinge River.

The validation run had mostly acceptable statistics. However, the second driest year
2009-2010 had problematic results, the NSE at H6gsmélla and both stations’ RZ were
unacceptable. However, the second wettest year 2007-2008 and the validation
average year 2012-2013 had nearly perfect results, with one discrepancy each, for
the PBIAS and R? respectively. Unlike the dry year, these values were extremely close
to being in the acceptable range. Figure 12 shows the example of the validation
period November 2007-April 2008’s hydrograph comparing the observed and
simulated hydrographs for both Hogsmoélla and Ellinge. In comparison with the
calibration year, there are more differences between the hydrographs, but the
simulated hydrographs still follow the observed hydrographs well. While there are
more differences in the discharge value of the peaks in the validation run, the
differences between the observed and simulated dips are similar as to in the
calibration scenario. Similar to the calibrated hydrograph, the Ellinge gauge station is
better performing than Hogsmolla. The other two years of validation’s hydrographs
can be referenced in Appendix 4.
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Hydrograph of Hogsmolla and Ellinge's
Observed and Simulated Discharge Between
November 2007 - April 2008
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Figure 12: Validation hydrograph of Hégsmélla and Ellinge's Observed and Simulated
Discharge Between November 2007 - April 2008, a 6-month period used for
validation of the HEC-RAS rain-on-grid model for the Kévlinge River.

There are many possible reasons for discrepancies in these statistics, which includes
impact of snowmelt, groundwater, and fact there are many dams along the Kavlinge
River, namely the Vombsjon dam that controls a majority of water of the watershed,
as well as the Eslov water treatment facility that is just upstream of Ellinge.
However, because the majority of statistics are suitable, this model’s parameters
were adequate for further use to model the hazard. In addition, it is convenient that
the only truly inadequate year was a dry year while this study’s purpose is to model
wet years, and therefore this uncertainty is less important.

3.2 Hazard Map — Present-day High Rain Year

The flooding of a present-day high rain year, which by historical record analysis was
2006-2007, shows mostly light flooding on land away from the Kavlinge River, and
the most severe flooding typically on or close to the river, as seen in Figure 13. There
are very few areas with high flooding of between 3-4 meters, and extremely rare
cells not obviously seen of severe flooding of more than 4 meters. The area away
from the river that experiences flooding is mostly at the very low hazard level, with
less than a meter of water. There are some areas that have higher flooding, between
1-2 meters of depth.

Upon an inspection with satellite imagery, most areas flooded are flooding
agricultural fields. While this is problematic for farmers and potentially damaging
economically, the flooding is relatively light. Where the flooding is more severe, this
covers less area. Two particular areas of concern identified were in the town of
Kavlinge, because the river has high flooding in the area in close proximity to the
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city, and close to the mouth of the river, while having a depth of only up to 2 meters,
the flooding is extremely wide and covers a large area. These areas can be examined
up close in Figure 14.
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Figure 13: 2006-2007 High Rain Year Flood Hazard

Taken from the HEC-RAS rain-on-grid model for the Kévlinge River. The flooding is
representative of the peak flood height during the November 2006 — April 2007
period, the wettest period in historically hourly rainfall.

Examining the town of Kavlinge up close reveals that the town has partially planned
with consideration for flooding zones. Where flooding is worst, in the southeast and
southwest areas close to the river, the riverbanks are generous, and suggest the
town has given the river a margin with the natural freedom to swell as necessary
without needing complex infrastructure to address flooding. The most problematic
area as shown in Figure 14 is on the northern riverbank in the town of Kavlinge’s
central area, to the east of the railway bridge. There are several properties in a
relatively dense residential area that are impacted by up to moderate hazard
flooding.

The central town has a few very small patches of very low hazard flooding. However,
there are larger patches of very low hazard flooding and low hazard flooding on the
outskirts of the town. In the northwest corner, there are two patches of what
appears to be a residential area partially covered by very low and low hazard
flooding. In the northeast corner and near the U-shaped bend, commercial areas are
covered by a large area of very low hazard flooding. Where the high and very high
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hazard flooding is in the Kavlinge, this area remains in green space and close to the
original path of the river.

The other area identified as most problematic is leading up to the mouth of the river.
The flooding bypasses Loddekopinge, a town to the north of the Kavlinge and the
last town along the river. The river swells with flooding to towards the south,
maintaining nearly the same river edge as normal. Halfway between Loddekdpinge
and the sea on the east bank, there is either residential, farming, or a combination of
those infrastructure that is partially covered by very low and low hazard flooding.
The rest of the wide area of very low and low hazard flooding is in agricultural or
green space areas.
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Figure 14: 2006-2007 High Rain Year Flood Hazard Details

Taken from the HEC-RAS rain-on-grid model for the Kévlinge River. The flooding is
representative of the peak flood height during the November 2006 — April 2007
period, the wettest period in historically hourly rainfall. Satellite imagery from ESRI’s
basemap collection.
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3.3 Hazard Map — RCP8.5 Scenario High Rain Year

There are not many differences between the climate scenario’s high rain year in
2100 and the high rain year in 2006-2007, as displayed in Figure 15. On the higher
scale, the differences are particularly difficult to notice on a first glance. However, in
comparison, the differences present themselves in two ways. First is that along the
river, especially towards the mouth of the river, the breadth of flooding is wider and
the general flooding along the river covers a larger area. However, the “puddled”
flooding outside of the river area have very little change in size and depth. The depth
of the flooding is also more severe, mainly in towards the middle-east area of the
Kavlinge River focus segment. This includes the river in the town of Kavlinge and
specifically to the east of the town of Kavlinge.
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Figure 15: Climate Scenario RCP8.5 2100 High Rain Year Flood Hazard

Taken from the HEC-RAS rain-on-grid model for the Kdvlinge River. The flooding is
representative of the peak flood height during a 6-month high rain period in 2100
using the climate scenario RCP8.5.

The increase of flood severity in the town of Kavlinge can be found in Figure 16. The
extent of high and very high hazard flooding is larger than in 2006-2007. This is true
throughout the area that is the Kavlinge River, particularly in three areas. One of
these areas is in the U-shaped area in the west, however this space is generally
flooding green space except for some commercial buildings. In the climate scenario,
this area is more flooded in area in total, and has more very high hazard flooding
than in 2006-2007. Another area is in the east, where the flooding has slightly
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encroached towards the residential area to the north. This area may be of concern
due to the quick deepening of the hazard level towards the center of the river, and
because the extent of high and very high hazard flooding is larger than that in the
2006-2007 model. The central area to the east of the railway bridge is also
problematic, due to the dual encroachment of flooding and increased hazard
severity in the area.

Other small flooding zones in the town of Kavlinge have not shown noticeable
changes when compared to 2006-2007 levels and area. The flooding downriver,
though only mostly extends in area and relatively little in severity, does not impact
any new areas of concern. Loddekdpinge’s firm riverbank remains in the same
location, leaving the town untouched by flooding of the Kavlinge, apart from a small
encroachment on a seemingly commercial property in Loddekodpinge’s southwest
(shown by a large white building next to the river).
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Figure 16: Climate Scenario RCP8.5 2100 High Rain Year Flood Hazard Details
Taken from the HEC-RAS rain-on-grid model for the Kévlinge River. The flooding is
representative of the peak flood height during a 6-month high rain period in 2100
using the climate scenario RCP8.5. Satellite imagery is current, and from ESRI’s
basemap collection.

49



3.4 Vulnerability Map

A map of each factor of vulnerability prior to weighting and totaling can be found in
Appendices 5-10. The final resulting total vulnerability map, as seen in Figure 17,
indicates that overall, the vulnerability throughout the watershed is very low. As
expected, the last leg of the river, and the area to be examined in the risk maps, has
a generally higher vulnerability than the rest of the watershed. However, most of the
vulnerability in that area is still at a low vulnerability, with occasional areas of
moderate vulnerability. Where the town of Kavlinge is, there are several areas of
high vulnerability. This is also as expected, due to the higher prevalence and density
of buildings (school, cultural, and homes), population, and infrastructure such as
roads.
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Figure 17: Vulnerability Map of the Kévlinge Watershed
AHP formed total relative vulnerability using ESRI’s ArcGIS Pro.

What was unexpected was the very high vulnerability in Eslév. It was unexpected
due to its proximity to the watershed boundary and therefore was not certain to be
fully included. However, it appears that much of the town is within the watershed
and is a more expansive area than Kavlinge with a very high vulnerability in the
center. While this means that Eslov has a considerable vulnerability, the fact that it is
on the border of the watershed does not draw too much concern for the fact that it
is an area not examined in the later risk map. Being on the border of the watershed
typically means that it is land that is more convex and higher than surrounding areas.
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As such, despite having a higher vulnerability, its risk is likely less. In addition, it is
not immediately next to a river, which also indicates a lower risk.

The southerly portion of the watershed is generally very low vulnerability, and
except for the towns of Eslov and Kavlinge, there are only two small areas that show
moderate vulnerability elsewhere in the watershed. The low vulnerability is in a
higher concentration in the northern side of the watershed, and moderate
vulnerability appears to be evenly distributed but extremely seldom with the
exception of the two towns and the area of interest. The section of river that is the
area of interest is left on the map for reference in Figure 17.

3.5 Risk Map — Present-day High Rain Year

Multiplying the relative vulnerability map of the Kavlinge watershed and the hazard
map modelling of flooding in the area of interest in 2006-2007 results in Figure 18.
Notably, this led to no areas of severe relative risk but was kept in the legend for
reference of the scale of risk.

The majority of areas are all under a relatively low risk, with occasional moderate
risk and rare occurrences of major risk. When comparing this map to the hazard
flood map of 2006-2007, the impact of the additional consideration of vulnerability
into the equation makes a few things more obvious. Most importantly is the major
relative risk in the area in the town of Kavlinge. Another interesting aspect is the
moderate relative risk in the area close to Loddekdpinge when surrounding flooded
areas have a low relative risk rating, which is a direct result of higher vulnerability in
that area.
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Figure 18: 2006-2007 High Rain Year Flood Risk

Calculated and displayed using ESRI’s ArcGIS Pro using previously determined flood
hazard and vulnerability. Flood hazard is peak flood height during the November
2006 — April 2007 period, the wettest period in historically hourly rainfall

In a detailed map of the result as presented in Figure 19, the moderate and major
areas of risk are interesting. For example, the small areas of very low hazard flooding
in the center of Kavlinge are of a moderate relative risk due to their placement in an
area with many vulnerable factors and a high vulnerability rating. In addition, the
flooded residential areas, particularly those to the east and west of the railroad and
to the west are shown to have a major relative risk. Throughout the detailed map,
including within the town of Kavlinge itself, the risk equation is shown to be an
effective method of highlighting where to prioritize. Along the river, the addition of
vulnerability rightly identifies regions that originally had high hazard but very low
vulnerability as a low relative risk level, thanks to the green spaces in those areas. In
addition, it highlights areas of concern to show where improvements should be
considered and where future funding could benefit.
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Figure 19: 2006-2007 High Rain Year Flood Risk Details

Calculated and displayed using ESRI’s ArcGIS Pro using previously determined flood
hazard and vulnerability. Flood hazard is peak flood height during the November
2006 — April 2007 period, the wettest period in historically hourly rainfall. Satellite
imagery from ESRI’s basemap collection.
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3.6 Risk Map — RCP8.5 Scenario High Rain Year

The multiplication of the vulnerability map and the climate scenario hazard map
provides a clear emphasis on how the risk will change in the future. In both the
original risk map, shown in Figure 20 and the detailed risk map in Figure 21, the
enlarged area of major and moderate risk is apparent. This enlargement of the
higher risk areas is noticeable along the Kavlinge River.

This begins at the central eastern-most extent, where the moderate relative risk is
much higher. Moving westward along the Kavlinge, there are not many more
additional areas of moderate relative risk with the exception in the U-shaped bend in
Kavlinge, which has a new moderate level risk to the north, close to commercial
areas. However, in the middle stretch of this river segment, the amount of area that
has changed to become a major relative risk is significant. Because changes in
vulnerability over time are not predicted and the vulnerability portion remains a
constant, this change is due to the deepening of the flooding and resulting in a
higher hazard level. The increased area of major relative risk and the areas proximity
to the town of Kavlinge has implications for future development and decision making
of the town, considering the trajectory of the climate.

However, it should also be noted that in most areas, the risk for the climate scenario
and 2006-2007 models are very similar. These similarities are in the areas farther
from the river itself, and besides the widening of the low relative risk along the river,
the central area of the river is where most of the changes occurred. A small detail
that has potentially important ramifications is by the major road of Loddekdpinge. In
the 2006-2007 model, the road is covered by a low relative risk level, however in the
climate scenario, this changes to being completely covered by a moderate relative
risk level. The change in hazard level over the road has largely impacted this major
road, and this may be interesting for future renovation plans.
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Figure 20: Climate Scenario RCP8.5 2100 High Rain Year Flood Risk

The risk is calculated and displayed using ESRI’s ArcGIS Pro, and is representative of
vulnerability and peak flood height during a 6-month high rain period in 2100 using
the climate scenario RCP8.5.
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Figure 21: Climate Scenario RCP8.5 2100 High Rain Year Flood Risk Details

The risk is calculated and displayed using ESRI’s ArcGIS Pro and is representative of
vulnerability and peak flood height during a 6-month high rain period in 2100 using
the climate scenario RCP8.5. Satellite imagery is current, and from ESRI’s basemap
collection.
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In a comparison of areas covered by different risk levels, as shown in Table 7, the
patterns as described above are well summarized. The area differences between the
2006-2007 time period and the climate scenario in 2100 for a low risk level did not
change enormously, by only 1.7%. The moderate risk level increased by a higher
percentage, as seen in smaller areas such as the road close to Loddekopinge and the
U-shaped bend of the river close to the town of Kavlinge. Concerningly was the
difference of change in the major risk level area, with a change of 54.7%. This
reflects the importance of analyzing risk as a function of vulnerability and hazard, to
better understand which areas need to be prioritized and to understand how the
future climate may affect humans’ safety and infrastructure.

Table 7: Differences in Present-Day and Future Risk Level Area Sizes

Risk Level 2006-2007 Area (m?) 2100 Area (m?) Percent Increase
Low 17264900 17556100 1.7%
Moderate 3363500 3870200 15.1%
Major 11700 18100 54.7%
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4. Discussion

There are several considerations to be discussed in relation to this study. These
considerations include similarities with previous studies in the area, similar
methodological studies, applications of the results, technical and theoretical
limitations, and interesting potential methodological additions.

4.1 Previous Studies in the Area

This study’s results are in line with other studies’ findings of the hydrological and
hydraulic nature within the Kavlinge Watershed. For example, two studies also
examined the differences in the hydrology of the river in 2100 with the change of
IPCC’s RCP8.5 climate model using HEC-HMS. While there was no hydraulic analysis
of the flooded area, but both found significantly increased discharge (Hu, 2022;
Wicher, 2016). One of these papers, by Hu (2022), also used similar statistical
methods (R?, PBIAS, and peak error) for the calibration and validation process and
had similarly well performing results (with the exclusion of Vombsjon, which Hu
mentioned was not a worthwhile addition into the process due to its regulated flows
and discrepancies between simulated and observed values). In the calibration
process, both this study and Hu’s study had nearly all statistics within the
satisfactory bounds. Likewise, validation had some statistics outside of the
satisfactory bounds, but this was still an acceptable performance of the model.

Another study of the area that was performed with both hydrological and hydraulic
nature was conducted by Khadka et al. (2018) using HEC-HMS and HEC-RAS, which
found similar results as in this study, in which there was not significant flooding
outside of the normal defined flow route. Their results were compared to another a
wild river in Nepal which is also in a relatively flat area, and it was clear that the
Kavlinge did not have the same freedom to move and was more contained. Similarly,
in this study the results reflected that the river did not flood out widely and stayed
relatively contained within the river’s flow route.

That the Kavlinge River typically stays within its flow path is seen in a few other
governmental studies as well. This has been attributed to the fact that in the 1900's,
the area was altered to funnel water through dedicated and robust waterway
channels with a margin for flooding (Lunds Kommun and VA SYD, 2017). This was
motivated by the desire for more agricultural area, and therefore reduced the
wetland and flooding plain area to 1.5% of its original area.

The fact that the infrastructure and channel are well designed to account for
flooding is also seen in an engineering study by MSB (2020). They used the MIKE 11
hydrodynamic modelling system to test 100 year and 200-year floods, and neither
scenario lead to flooding over the bridge platform (however, one and two bridges
respectively were touching the water flooding, which may lead to damage or
blockages). However, they mentioned that a study of climate change adapted flows
for 100- and 200-year floods would be of interest, considering that they are likely
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more severe and likely to impact the infrastructure (MSB, 2020). Specifically, they
suggested using IPCC reports and models to do this future study, which is what this
study has used. As seen in the results of in this study, the rainiest year in 2100 does
appear to impact one of the bridges in Kavlinge, and the bridge in Loddekopinge is in
the very low hazard level in the present climate and increases to the low hazard level
in the future climate. This suggests the need for future studies of the bridges to
ensure that any needed preventative measures can be implemented, and to
investigate the differences between the MSB (2020) study and this study.

A similar qualitative study by Baden and Davidsson in 2016 also found that
infrastructure is not impacted. Looking at the specific river segment of interest,
Baden and Davidsson have also found that in high flow periods, the Kavlinge does
overflow into the agricultural areas leading up to the sea. This mirrors what was
found in this study, with the largest flooded areas being the agricultural areas prior
to the sea. The study also mentions that the waterways are generally well controlling
of the peak flow periods, with not many areas of flooding, which is also what was
determined by this study’s hazard maps.

A further reason that the flooding has not been found to be very severe is the
influence of infiltration and groundwater. Khadka et al. (2018) explained that the
Kavlinge watershed has a high influence of groundwater within the hydrological
system. The infiltration is also assumed to be a large influence due to the quantity or
agricultural land and limited urban or paved areas (Lunds Kommun and VA SYD,
2017). This influence of groundwater and infiltration would explain some of the
discrepancies in this study’s imperfect statistic, as well as explain why the Manning’s
coefficient and infiltration layer have the relatively high corrective factors of +/- 40%
after calibration, to take this into account. In addition, the fact that only one set of
Manning’s roughness coefficient values and one set of infiltration values for the
watershed are used as the input into each model, while in reality these values
change from season to season, year-to-year, and in relation to past weather
conditions, also impacts the reliability of the results. However, all studies were
similar in that they have used a set of values for the Manning’s n and infiltration that
were calibrated and validated generally, but not for separate instances or years.

Most studies did not mention any aspect of risk to the area or the populations,
despite there being an impact on the agriculture of the area and the potential for
impact on populations, as seen in this study. However, Lunds Kommun and VA SYD
(2017) did emphasize the ecological importance of the watershed, and that this
could be impacted by repeated or large flooding events. It is possible that there has
not been a comprehensive flooding risk report due to previous reports stating the
well-designed river channels. Due to the nature of climate change and changes in
precipitation, this was a worthwhile confirmation that the river channels are
equivalently effective in protecting the agricultural and vulnerable areas as it is
currently. As seen in this paper, the river channels, while effective, are not perfect.
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4.2 Similar Studies using HEC-RAS Rain-on-Grid

As a relatively new option to hydrological-hydraulic modelling, this study showed an
overall good performance of HEC-RAS rain-on-grid after the calibration and
validation procedure by using long-term time periods.

Many other studies have similarly successful results while looking at similar
statistical measures of validation. For example, Zeiger and Hubbart’s (2021) study in
also used split-site calibration and had good performance metrics with an NSE of
0.33-0.92. R? of 0.86-0.97, and PBIAS of 10.4-33.8%. Other studies used a variety of
statistical measures that differed from this study, such as Malik and Pal (2020) which
used NSE (of 0.71) and RMSE, and Hariri et al. (2022) which had NSE (between 0.92-
0.94), RMSE/SD, and water volume error. In comparison with the split sites
validation values of this study, with most values between 0.5-0.98 for NSE, 0.5-0.71
for R?, and 3.6-27.4% for PBIAS. This means that for the NSE values, compared to the
other similar studies that used it, it is comparable to or better performing than all
three studies that used NSE. Comparing this study to Zeiger and Hubbart (2021) for
R? and PBIAS, this study had slightly lower performing metrics for R? and slightly
better performing metrics for PBIAS.

Where many studies differed in methodologies was the use of event-based storm(s)
to perform the calibration and validation process, where this study performed long-
term periods (Ansori et al., 2024; Hariri et al., 2022; Malik and Pal, 2020; Nkeki et al.,
2022; Zeiger and Hubbart, 2021). Interestingly, one study compared HEC-RAS rain-
on-grid’s validity with both particular storm events and long duration multi-peak
time periods and was not able to validate the long duration time periods, whereas
the model worked well for storm events (Godara et al., 2024). Although this is
contradictory to what this study found, the terrain between the two studies are very
different. Where the long-duration time period did not work, it was steep
mountainous terrain in Norway, where in this study where the long-duration time
period use was validated, it was on flat agricultural area in southern Sweden. Using
HEC-RAS rain-on-grid for specific events may be controversial, considering that one
study found that the parameters in the calibration stages must be recalibrated for
each event, potentially due to changing infiltration values in relation to previous
weather conditions that vary from event to event (Ginting et al., 2023). Perhaps,
when possible, long time periods allow for a more accurate calibration outside of
specific events and provide parameters that can be used more universally.

Methodologies also range between papers, showing potential applicability of HEC-
RAS rain-on-grid. For example, calibration was done with historical reports (Nkeki et
al., 2022), observed hydrographs (Zeiger and Hubbart, 2021), synthetic hydrographs
(Ennouini et al., 2024), flooding extent (Hariri et al., 2022), and limited gauge height
data (Malik and Pal, 2020). This study used gauge discharge flows and comparatively
was very data rich, temporally because it was every hour for an extended period of
time and spatially because it was possible to perform a split-site calibration. Because
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the data input into calibration is rich, this likely increases the validity and
applicability of the results of this study.

Two HEC-RAS rain-on-grid studies have used the results to perform risk analyses.
Similar to this study, Nkeki et al. (2022) looked at building, road, and rail density as
vulnerabilities and flood hazard area. While this area in Sweden has well-structured
waterways and small areas of typically relatively low vulnerability, the Ona River
Basin in Nigeria has high levels of hazard and high levels of vulnerability, and it was
found that 48.2% of the overall basin is at moderate risk or above, whereas in this
study the area of moderate risk or above is very small. Another study also used the
HEC-RAS result to make hazard maps, but also incorporated flow velocity with water
depth (Ennouini et al., 2024). The methodology also differed in respects to the
vulnerability and risk, because vulnerability was only considering buildings, and the
guantity of risk was a categorization of building damages in euros. This thinking that
risk and vulnerability are only associated with buildings would not provide a holistic
view of overall vulnerability of a human population in that given area, considering
that building infrastructure is not the sole determinant of the health or economy of
the people who live there.

4.3 Applications of the Results

Risk assessments have useful applications for informing decision makers, budget
planning, civil engineering, and storm preparedness. Despite limitations, on a local
level for planning, this can be an incredible tool to help establish and evaluate
current and future policies to minimize potential risk (Gain et al., 2015). In addition
to policies, risk assessments are also a powerful tool to simulate engineering
advancements, and therefore this study or the methodology of this study may be
helpful in future advancements that can take climate change into account as well
(Abdessamed and Abderrazark, 2019).

To maximize risk assessments’ efficacy, it is recommended that local populations are
informed and listened to because their inclusion has shown to further reduce risk
(Tran et al., 2008). Using this study in joint with locals would multiply positive
benefits, such as addressing and finding solutions for at-risk commercial, residential,
and transportation infrastructure. A potential fix may be improved river
management, including transferring more at-risk areas into space for the Kavlinge
River to meander more freely, which would benefit the area ecologically and
economically due to fewer or no vulnerabilities (Buffin-Bélanger et al., 2015). Due to
costs, this is perhaps suitable as a long-term goal.

Beyond informing decisions made in the study’s area of interest, this study could
also be used as a blueprint for future studies. This is particularly useful thanks to
HEC-RAS rain-on-grid’s simplicity in parameters, combined concurrent hydraulic and
hydrologic model, minimized error, and uncomplex data requirements (Kalra et al.,
2023; Zeiger and Hubbart, 2021).
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4.4 Limitations of this Study

There are several limitations of this study, namely due to necessary limitations due
to time. A model such as this can always be improved to achieve a result closer to
perfection, but it is a function of time that controls how many considerations can be
reasonably taken into account. Some of the considerations that had to be passed
over for timing’s sake were related to the HEC-RAS rain-on-grid model and the
vulnerability methods.

Improving and expanding inputs into the HEC-RAS rain-on-grid model would be
beneficial. For example, there is an option in the HEC-RAS unsteady flow setup that
allows the person to input temperature, wind, and pressure into the “Global
Boundaries” function. However, this multiplies the amount of data preparation and
input. In addition, there are limited resources to understand to what degree this
improves the accuracy of the model. It is important to consider what impact
including more inputs such as temperature, wind speed, wind direction, and
pressure may have on the results.

In addition, groundwater, snowmelt, sediment, and regulated flows (dams) impact
the real water flow volumes and flooding models of the Kavlinge River. However, in
this study these could not be considered in the model. However, groundwater in this
area has been remarked to be an important contributor to the river flow, and there
are several dams along the Kavlinge River that regulate water flow (Khadka et al.,
2018)

One of the HEC-RAS rain-on-grid layers that can impact the results is the grid size
(Costabile et al., 2021). One benchmark HEC-RAS rain-on-grid study tested different
mash sizes, with the largest being 30 meters by 30 meters (David and Schmalz,
2021). In this case, a compromise was made because of the relatively large
watershed size and the fact that even with a mesh grid size of 40 meters by 40
meters, the computation time for each model simulation was between 43- 52 hours.

Improving or including these aspects would likely improve the model. For example, it
would make the simulated flow more accurate and precise, and therefore would
decrease the differences between the simulated and observed values, resulting in
improved calibration and validation statistics. Current differences in the simulated
flow and observed flow may be explained by these factors.

Additional limitations are within the vulnerability portion, such as determining the
best resolution to perform the vulnerability. An extremely small cellular size might
lead to too much detail (for example, there is only one school per cell, the cells draw
the roads, etc. Instead of a generalized map of vulnerability, it might appear to be
more of a landmark map. Grids that are too large may not provide enough detail (if
the entire study area was made up of just 3 grid cells, it would be more difficult to
draw conclusions of where to focus efforts). In this study, a grid cell size was
determined to attempt to be an effective medium between these two exaggerated
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cases. However, ideal grid size for the vulnerability analysis could be tested out and
determined given more time. It is likely a relative optimization that does not
translate well to other papers with other vulnerabilities and scales.

Another aspect of vulnerability that might be improved is sub-weighting within the
weighted factors. An example of this may be weighing larger roads more heavily
than size streets that are used by remote residents. Of course, larger roads that are
used by many people to travel long distances, such as in instances of evacuations,
should be rated as more important than farming side-roads.

Vulnerability itself is also a very subjective concept and differs regionally and
topically. This is typically addressed in other papers by bringing in other scientific
experts and having them rate the vulnerability factors’ importance. Due to time and
resources, this was performed as best as possible using other papers’ rankings that
were determined by experts (for example, two papers identified people over 60 as a
fragile population, while this may be a disputed idea, especially regionally). Including
experts of this region and who understand flooding vulnerability would improve the
vulnerability portion.

Another subjectivity is the overall idea of risk and disaster and the limitation of scale.
When comparing impacts of flooding for a small area of the watershed due to
localized weather patterns to world-wide events such as mass extinctions,
identifying flooding as a “severe” risk level is very relative (Wisner et al., 1994). To
address this, the term “relative” is used often for risk and vulnerability.

Related to this, identifying 1 meter of water as a very low flood hazard level may
seem reasonable compared to deeper levels of flooding. But, on a small
neighborhood scale, 1 meter of flooding can flood houses, destroy infrastructure and
belongings, creates a need for evacuation, and presents a very severe hazard for
small children. For these people, this would not feel like a “very low flood hazard
level”. However, this paper had to accept a certain level of subjectivity and
addressed this by following previous studies’ methodologies and viewing flooding
generally and relatively.

4.5 Potential Methodological Additions

Addressing the potential improvements related to the limitations discussed above
keeps the general methodology of this paper intact. However, there are several
interesting potential additions to the methodology that were tempting to include,
but due to lack of time, they could not be incorporated. This included performing an
entire watershed analysis, a flood frequency analysis or precipitation analysis, adding
other factors into hazard calculation, calibration and validation using satellite
imagery, and adding future vulnerability predictions.

When originally selecting the area of focus for this study, an aerial image of the area

was visually examined, and the last segment of the river appeared to be the most

interesting because it seemed to be the most vulnerable due to proximity of
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infrastructure and the river. However, during the vulnerability calculation of the
overall watershed, it was found that the Eslov area would have been interesting,
along with other areas that had moderate vulnerability along the rivers. In addition,
it might be possible to see a relationship with low vulnerability in the south of the
watershed and increased flooding, to examine if flooding was already regular or
severe enough that populations took this into account. To examine the entire
watershed in detail, it would be necessary to perform a tiling function in ArcGIS Pro.

A flood frequency analysis or a precipitation analysis with an intensity-duration-
frequency aspect would be interesting to model specific events, such as a 100-year
flood or 200-year rainstorm. This takes historical data and applies it to an optimal
statistical distribution, which provides predicted quantities of river flow or
precipitation. A study that examines a specific event or events would replace the
simple “high rain year” and is an improvement because it quantifies the return
period and size. Therefore, there are more reliable implications for planning
purposes and civic engineering projects. Another interesting aspect of the event-
based model is looking at peak rain and not a long-term rainy period that spreads
out the rain over time. The long-term method was used in this study because of the
fact that a high peak of precipitation does not guarantee a high peak of flow, and
long periods of rain can create high peaks of flow as well (Vangelis et al., 2022). If the
peak rain method was used, it would be necessary to do an initial analysis of the
start-up conditions prior to the rain event. In addition, it would be difficult to run a
scenario of one rain event and assume it is a representative hyetograph (like a
hydrograph, but of quantity of precipitation over time) of most rain events, and as
such would require additional analyses.

Adding other factors into the hazard calculation has been done by other papers as
well, as seen in Table 1. While using only flood depth is one standard of hazard
calculation, other papers have taken aspects such as flow velocity as well. Flooding
of 1 meter of standing water is much less dangerous and destructive than flooding of
1 meter of powerful, rushing water. As such, this would improve the hazard map and
therefore the risk map as well. Another factor that might be interesting to take into
the hazard calculation for the Kavlinge River, particularly in this study’s focus area is
impacts of coastal storm surges or tidal impacts of flooding on the river (Zhong et al.,
2024). This is relevant given the unruly North Sea, increased precipitation
corresponding with storm surges, sea level rise due to climate change, and the
inevitable combination of all three (Pasquier et al., 2019). Conveniently, HEC-RAS is
capable of taking this into account using mixed flow, where it can take tidal flow into
consideration (Suriya and Mudgal, 2012; Zhong et al., 2024).

During the literature review and data collection phase of this study, one of the initial
goals was to use observed flooded area to perform the calibration and validation.
This paper uses flooded area to determine hazard but uses volume through a
checkpoint to confirm that the model is correct. In theory it is possible that the
model’s discharge is correct but does not distribute the flooded waters correctly. As
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such, this paper would be improved if flooded area is used to calibrate and validate.
It is not always possible to have observed flooded areas as a resource. For this study,
the observed flooded area was searched for in the European Union databases and in
satellite imagery. Unluckily, it was not found in European Union databases for
specific events, and satellite imagery was always taken too late during a flooding
episode or was too corrupted to be used for the calibration and validation process.
Future flooding and well-timed satellite imagery might be useful to improve the
calibration and validation process in later studies.

This study nearly surely incorrectly assumes no change in vulnerability factors
between current and future demographics and infrastructures. Including an
additional vulnerability analysis for future conditions would be a worthwhile
addition. For example, the future vulnerability analysis could make use Of the
dataset by Li et al. (2021) which predicts urban land areas in 2100. Other prediction
datasets for demographics, land cover, and other potential vulnerability factors
could be combined for a more comprehensive future risk assessment. The urban
areas layer could also be used to augment the infiltration and Manning’s roughness
coefficient layers in HEC-RAS, which would anticipate future flooding even better
because of the negative impact that urban area has on flooding extent, velocity, and
timing (Devi et al., 2019; Oumaima et al., 2019; Sholichin and Qadri, 2020; Suriya and
Mudgal, 2012; Zope et al., 2014).
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5. Conclusions

The objectives of this study, meant to be informative for planning for present and
future flooding, accomplished all objectives originally sought out. The HEC-RAS rain-
on-grid was shown to be an effective and simple model to predict flooding along the
Kavlinge River, and resulted in good calibration and validation performance metric
values according to the commonly used NSE, R?, and PBIAS standards. The
satisfactory NSE values were between 0.98-0.5, R? values ranged form 0.75-0.46, and
PBIAS values from 3.6-29.8%, though there an occasional outlier in the validation
phase. This ensured that the resulting flooding extents and depths would be a
reliable output to use as hazard maps. Both the present-day (2006-2007) and future
climate (year 2100) showed relatively similar results, with hazardous areas in the
town of Kavlinge and along the Kavlinge river in the last 23.6 kilometers. Other
hazardous areas with lighter flooding were mostly agricultural. However, the future
climate scenario model showed a slight increase in overall hazardous areas, and
demonstrated that within the flooded areas, the depth will increase and therefore
be more hazardous. This was especially true close to, within, and upstream of the
town of Kavlinge. The vulnerability portion that provided relative vulnerability within
the watershed, revealed very high but concentrated vulnerability outside of the
study’s focus area, and has implications for future studies. Though, the second most
vulnerable area was within the study’s concentration, and the elevated vulnerability
was also more dispersed throughout the study’s focus. As such, the focus area
selected was confirmed to be an area of concern which requires an effective risk
assessment. Within the focus area, the most vulnerable area was the town of
Kavlinge.

The combination of the present-day and future climate hazard maps with
vulnerability each then calculated the risk map of flooding. This proved that the
combination of the vulnerable town of Kavlinge and the more hazardous conditions
in that area leads to an overall higher risk and therefore should be monitored for
future improvements. In addition, this highlighted another area of elevated risk close
to the town of Loddekdpinge. The risk map also provided evidence that the relative
risk is not severe in the study’s area, and that the area is generally well adapted for
the given levels of hazard.

While there are some limitations to the study and potential for fine-tuning individual
aspects, the study accomplished the objectives effectively. The results have potential
uses for the planning of projects, infrastructure, budgets, and policies. Particularly
pertinent is the ability to plan in advance for future flooding, which has been proven
to be more severe due to the changing climate.
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Appendices

Appendix 1: Manning’s Coefficient of Roughness (n) Values

Table Al: Manning’s Coefficient of Roughness (n) Values used as Parameters in the
HEC-RAS Rain-on-Grid Model

Name Classification Original n  Calibrated n (+40%,
Value (s/m*3) s/m'/3)
Open wetland 2 0.05 0.07
Arable land 3 0.033 0.0462
Non-vegetated other open land 41 0.03 0.042
Vegetated other open land 42 0.05 0.07
Artificial surfaces, building 51 0.03 0.042
Artificial surfaces, not building or road/railway 52 0.07 0.098
Artificial surfaces, road/railway 53 0.03 0.042
Inland water 61 0.035 0.049
Pine forest not on wetland 111 0.12 0.168
Spruce forest not on wetland 112 0.12 0.168
Mixed coniferous not on wetland 113 0.12 0.168
Mixed forest not on wetland 114 0.1 0.14
Deciduous forest not on wetland 115 0.1 0.14
Deciduous hardwood forest not on wetland 116 0.1 0.14

Deciduous forest with deciduous hardwood

forest not on wetland 117 0.1 0.14
Temporarily non-forest not on wetland 118 0.04 0.056
Pine forest on wetland 121 0.062 0.0868
Spruce forest on wetland 122 0.062 0.0868
Mixed coniferous on wetland 123 0.062 0.0868
Mixed forest on wetland 124 0.06 0.084
Deciduous forest on wetland 125 0.06 0.084
Deciduous hardwood forest on wetland 126 0.06 0.084
Deciduous forest with deciduous hardwood

forest on wetland 127 0.06 0.084
Temporarily non-forest on wetland 128 0.05 0.07
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Appendix 2: Total Vulnerability Raster Calculator Script

"Vulnerability\OtherRas" * .064 +  "Vulnerability\AgeRas"  *.108 +
"Vulnerability\PopDenRas"  *.108 +  "Vulnerability\SchoolRas"  *.195 +
"Vulnerability\LCRas" *.332 + "Vulnerability\pathcon" *.195
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Appendix 3: Comparing Calibrated Observed and Simulated Hydrographs

Hydrograph of Hogsmolla and Ellinge's
Observed and Simulated Discharge Between
November 2001 - April 2002
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Figure A1l: Comparison of hydrographs of Hogsmolla and Ellinge's Observed and
Simulated Discharge Between November 2001 - April 2002,

a 6-month period used for calibration for the HEC-RAS rain-on-grid model for the
Kavlinge River.

Hydrograph of Hogsmolla and Ellinge's
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November 2019 - April 2020
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Figure A2: Comparison of hydrographs of Hogsmolla and Ellinge's Observed and
Simulated Discharge Between November 2019 - April 2020,

a 6-month period used for calibration for the HEC-RAS rain-on-grid model for the
Kavlinge River.
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Hydrograph of Hégsmolla and Ellinge's
Observed and Simulated Discharge Between
November 2018 - April 2019
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Figure A3: Comparison of hydrographs of Hogsmolla and Ellinge's Observed and
Simulated Discharge Between November 2018 - April 2019.

a 6-month period used for calibration for the HEC-RAS rain-on-grid model for the
Kavlinge River.
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Appendix 4: Comparing Validated Observed and Simulated Hydrographs
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Figure A4: Comparison of hydrographs of Hogsmolla and Ellinge's Observed and
Simulated Discharge Between November 2012 - April 2013, a 6-month period used
for validation of the HEC-RAS rain-on-grid model for the Kavlinge River.
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Figure A5: Comparison of hydrographs of Hogsmolla and Ellinge's Observed and
Simulated Discharge Between November 2009 - April 2010, a 6-month period used
for validation of the HEC-RAS rain-on-grid model for the Kavlinge River.

87



Appendix 5: Vulnerability Map — Land Cover
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Figure A6: Map of Relative Land Cover Vulnerability of the Kavlinge Watershed,
created using ArcGIS Pro.
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Appendix 6: Vulnerability Map — Schools
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Figure A7: Map of Relative School Proximity Vulnerability of the Kavlinge Watershed,
based on density. Created using ArcGIS Pro.
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Appendix 7: Vulnerability Map — Roads and Railways
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Figure A8: Map of Relative Road and Railway Vulnerability of the Kavlinge
Watershed, based on density. Created using ArcGIS Pro.
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Appendix 8: Vulnerability Map — Population Density
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Figure A9: Map of Relative Population Density Vulnerability of the Kavlinge
Watershed, created using ArcGIS Pro.
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Appendix 9: Vulnerability Map — Population Fragility
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Figure A10: Map of Relative Population Fragility Vulnerability of the Kavlinge
Watershed, based on density of ages under 10 and over 60.
Created using ArcGIS Pro.
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Appendix 10: Vulnerability Map — Municipal Building and Cultural Sites
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Figure A11: Map of Relative Municipal Building and Cultural Site Vulnerability of the
Kavlinge Watershed, based on density. Created using ArcGIS Pro.
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