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Preface

This PhD thesis has been submitted to the Norwegian University of Science and
Technology (NTNU) as a part of partial fulfillment of the requirements for the
degree of Philosophiae Doctor (PhD). The research work was conducted within
the Department of Civil and Environmental Engineering, Faculty of Engineering,
under the guidance of Professor Oddbjørn Bruland as the main supervisor and
Professor Knut Tore Alfredsen as the co-supervisor. This thesis is written as a part
of the project World of Wild Waters (WoWW), project number 949203100, which
falls under the umbrella of NTNU’s Digital Transformation initiative.

This dissertation is the outcome of a four-year PhD program, presented as a com-
pilation of three research articles published in international journals. The main
text, spanning 44 pages, outlines the main methods, results, discussions, and con-
clusions related to the topic, establishing a coherent link and storyline among the
published articles. The first article titled "Simulation of flash flood peaks in a
small and steep catchment using rain-on-grid technique" is published in the Journal
of Flood Risk Management. The second article titled "Modelling Flash Floods
Driven by Rain-on-Snow Events Using Rain-on-Grid Technique in the Hydro-
dynamic Model TELEMAC-2D" is published in Water. The third and last article
titled "Comparison of two hydrodynamic models for their rain-on-grid technique
to simulate flash floods in steep catchment" is published in Frontiers in Water. The
individual articles are included in the appendices.

In presenting this work, I aspire to add a meaningful voice to academic discourse
and provide a resource for those engaged in similar pursuits. This thesis is not
merely a compilation of findings; it is a testament to the collective wisdom of
scholars, mentors, and experiences that have shaped my academic journey. This
PhD journey has taught me valuable lessons both professionally and personally.
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I worked with unfamiliar codes and programming languages such as R, Python,
Fortran, computer software and models, such as Bluekenue, Telemac-2D, Linux
etc. I also gained more experience with programs that I was already familiar with.

Throughout my doctoral journey, I came to understand that facing challenges is
inherent to the process, and it’s crucial to acknowledge and celebrate even the
smallest victories to maintain a sense of balance amidst the demanding nature of
completing a PhD. Through my thesis work, I also discovered that it is important to
interact and brainstorm with others to accomplish any professional task. Participat-
ing in discussions that arise from diverse opinions or approaches,and constructive
criticism can be both time consuming and challenging to manage. But I firmly
believe that such interactions have not only helped me avoid errors but have also
contributed to enhance clarity in my work. Therefore, this preface is a humble
expression of gratitude to all those who have played a part in shaping this work
and enriching my academic journey.
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Abstract

Global warming and climate change lead to more frequent and extreme weather
events. These include sudden and intense rainfall and rising temperatures which
cause flash floods. In steep terrains, flash floods with high-flow velocities lead to
erosion and sedimentation with potential disastrous changes of flood path. Flash
floods caused by heavy rainfall with snowmelt contribution due to sudden rise in
temperature (rain-on-snow events) have become common in autumn and winter in
snow-covered Nordic catchments. These events have caused widespread damage,
closure of roads and bridges and landslides leading to evacuations in affected areas.
Therefore, the analysis of such flood types becomes more important in terms of
inundation area, water depths and flow-velocities to identify critical locations in a
catchment.

Hydrological and hydraulic models are usually used to simulate flash floods. But
most of the traditional hydrological models only give output as a hydrograph but
do not represent the consequences such as velocity, water depth, sheer stress etc.
at any point or region in the catchment. So, the flood hydrograph from a tradi-
tional hydrologic model must be combined with a hydraulic model for downstream
consequences. In the traditional method of manual coupling, the output from the
hydrologic model is used as input and set as input boundary condition in the hy-
draulic models. This method of manual coupling requires the separate calibration
of two models which makes it a time-consuming process. Sometimes due to many
tributaries, more than one boundary condition is required and it is difficult to de-
cide where to set the input boundary conditions in the hydraulic model. In addition
to this, there is always some residual flow along the river from the catchment or
the water from small tributaries, which is difficult to estimate and add in the hy-
draulic model calculations. In small and steep catchments, the inflow contribution
from every section of the water course can be important to determine where critical
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conditions may arise.

To overcome these challenges and the hassle of manual coupling of the two mod-
els, the direct rainfall method (DRM) also known as rain-on-grid (RoG) technique
was tested in this research work. Primarily, TELEMAC-2D, a Hydrodynamic
Rainfall-Runoff (HDRR) model, with Curve Number (CN) infiltration method,
was used for this purpose in a study site of 10.5 km2 steep catchment located in
western Norway. Spatially distributed precipitation data with a resolution of 1km
by 1km was used as input instead of point precipitation data to reduce the uncer-
tainties related to precipitation distribution over the catchment. Since TELEMAC-
2D is an open source toolbox, it was possible to make changes in the source code
ourselves and implement spatially distributed precipitation as input.

Since TELEMAC-2D doesn’t have a snow routine, initially only those peak flow
events were simulated which were induced by rainfall without any contribution
from snowmelt. Seven such events were simulated and a sensitivity analysis was
conducted for the parameters such as the CN values, size of mesh elements, rough-
ness and antecedent moisture conditions (AMC) in the catchment. In addition, a
200-year design flood was simulated to show the potential damages in the catch-
ment. The study explored the benefits and limitations of the approach through
a comprehensive description of model construction, calibration, and sensitivity
analysis. The results showed that calibrated models can satisfactorily reproduce
peak flows and produce relevant information about water velocities and inunda-
tion. Since, floods can reach even more extreme levels when snowmelt combines
with the surface runoff generated by rainfall events. When rain falls on an existing
snowpack in addition to the sudden increase in temperature, it is known as a rain-
on-snow (RoS) event. These events can result into destructive flash floods due to
the sudden melting of snow combined with the extreme rainfall.

Hence, in the next part of the thesis work, the contribution and effect of snowmelt
in flash floods were analysed. The hydrological model HBV was used to find out
the portions of snow and rain from the raw precipitation data and to calculate the
snowmelt. The sum of snowmelt and rain calculated from HBV, which eventually
contributes to flash floods, was used as the input precipitation in TELEMAC-2D
for HDRR modelling. The results showed the importance of including snowmelt
for distributed runoff generation and how the combination of hydrological and hy-
draulic models allows to extract flow hydrographs anywhere in the catchment. It
is also possible to extract the flow velocities and water depth at each time-step
showing the critical points in the catchment in terms of flooding. The RoG tech-
nique works particularly good for single peak events, but not for floods with long-
duration sustained flow and which are generated by multiple rainfall storms. The
results indicated a need for implementation of time-varying CN values or another
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infiltration model with a time-varying infiltration rate for such multi-storm floods.

Therefore, another HDRR model HEC-RAS 2D with the Green-Ampt Redistribu-
tion (GAR) infiltration method was tested and compared with TELEMAC-2D for
its RoG technique. CN method was applied in both the models to simulate two
single storm events up to 20 hours duration. NSE and R2 for the models ranged
from 0.70 to 0.90 and from 0.93 to 0.95. Moreover, the two models were com-
pared for the calibration process, computational time, mesh size and shape, model
availability in general, as well as for the results including inundated areas, water
depths and velocity of water after a flood event. In addition, The GAR method was
applied in HEC-RAS 2D for a multi-peak flood event with sustained flow between
the peaks, but the results showed that even this method was unable to reproduce all
the peaks of the flood event. Therefore a sensitivity analysis of the GAR paramet-
ers was done to understand why GAR method could not reproduce the multi-storm
flood. The sensitivity analysis showed that the results are not very sensitive to the
two GAR parameters which are responsible to influence the flow of the later peaks.

Neither of the HDRR models could reproduce such multi-storm long duration
floods because of the fact that both the HDRR models permanently lose the in-
filtrated water out of the model domain which usually contribute as the return flow
to the river which is mainly the reason for the sustained flow between the multiple
storms and for a gradual recession limb of a flow hydrograph. However, neither of
the models incorporate a return flow algorithm. Hence, the HDRR models should
only be used if it is sure that the infiltrated water goes to the deep base flow where
there is no chance of subsurface return flow, or they should be used only for short-
duration single storm floods.

Potential follow up to this research work can be to implement a subsurface flow
module or the contribution of return flow in the fully integrated hydrologic- hydro-
dynamic RoG models. This enhancement would enable these models to effectively
handle both short and long duration floods. Moreover, a snow routine can also be
implemented in the HDRR models which eliminates the need of a separate model
to calculate snow storage and snowmelt in the catchment.
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Chapter 1

Introduction

1.1 Background
The occurrence of natural hazards and extreme events is on the rise worldwide,
which can be attributed to factors such as changing weather patterns and climate
conditions, urbanization, land use, and infrastructure development. Examples of
such extreme events include temperature and precipitation extremes, flash floods,
droughts, floods, and landslides (Seneviratne et al. 2021). These events are expec-
ted to increase in future causing even more fatalities, economic and environmental
losses (Modrick and Georgakakos 2015; Zhang et al. 2021).

From 2008 to 2017, floods have killed approximately 5,000 people per year on
average and continue to be the most frequent and destructive calamity in the world
(CRED 2022b). A publication by the UN Economic and Social Commission for
Asia and the Pacific (ESCAP 2023) indicates that in 2022, floods emerged as the
deadliest natural disaster, comprising 74.4% of disaster events in the region and
accounting for 88.4% of total fatalities worldwide. The Central European floods
and subsequent landslides in July 2022 were one of the most expensive disasters,
costing the German economy 40 billion US dollars (CRED 2022a). Furthermore,
natural disasters are expected to increase the reported direct losses from the current
$195 billion to $234 billion a year by 2040 (Barattieri et al. 2023).

Vormoor et al. (2015) studied flood trends in 211 norwegian catchments for periods
from 1962- to 2012, 1972 to 2012, and 198 to 2012. They found a 20% to 40%
increase in design flood estimates for rivers impacted by rain floods and smaller
rivers responding quickly to heavy rainfall events. This implies a corresponding
increase in estimated design flood discharge. One of the examples of flash floods,
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2 Introduction

generated by heavy rainfall in a small catchment, is the flash flood in village Utvik
in July 2017 (Bruland 2020), which is explored in detail in the next section, also
explaining how this flash flood event is related to this doctoral study.

Flash floods don’t usually come alone. They lead to bedrock erosion (Swanston
1974) due to high stream power and shear stresses, sediment deposition (Johnson
et al. 2010), and debris flow (Sandersen et al. 1997). Unusual heavy rain and flash
flood events can cause debris slides and landslide events in wet periods. Whereas,
in dry periods, snowmelt at higher altitudes that infiltrates the ground can lead to
landslides, especially along steep and small rivers (Heyerdahl and Høydal 2017).
Due to the large volume and velocity of debris flow, it can result in severe social
and economic losses, and sometimes may lead to fatalities. The magnitude of
floods can reach an even more extreme level when the snowmelt adds to the surface
runoff generated by rainfall events. When it starts to rain on an existing snowpack
due to a sudden increase in air temperature, it is called a rain-on-snow (RoS) event
(Pall et al. 2019). Such events can usually result in destructive flash floods because
of the sudden melting of the snow in combination to the extreme rainfall.

An increase in the frequency and intensity of strong precipitation events has been
observed in Norway since 1957 (Dyrrdal et al. 2012). Surfleet and Tullos (2013)
have indicated a decreased frequency of high flow RoS in low and middle alti-
tudes while increased frequency of the same in high altitudes due to increasing
temperatures. The number of days with heavy rainfall and the intensity of rainfall
during these days are likely to increase in the future especially in the winter sea-
son, leading to more RoS events (Dyrrdal et al. 2012) by the end of this century
(Hanssen-Bauer et al. 2017). According to Roald (2019), early autumn snowfalls
are a frequent occurrence in Vestlandet (West Norway), followed by rapidly rising
temperatures and intense snowmelt. This phenomenon is commonly observed in
rivers in coastal areas in western and central Norway.

1.2 Flash flood in Utvik
Utvik is a small village in Vestlandet county in the western part of Norway that
has around 400 inhabitants. The Storelva River, whose origin is in the glacier up
in the mountain at 1553 masl and oulet in the fjord, passes through the centre of
the village. Storelva is a steep river with a mean gradient of 12% and a maximum
gradient of 18% and have a catchment area of 25 km2.

On 24 July 2017, the water in the Storelva River increased from less than 1 m3/s to
extreme volumes in a mere 4 hours. It started to rain heavily at 4 am and continued
to rain until around 2 pm with varied intensities (Bruland 2020). The extreme
rainfall in the upper part of the catchment in the morning increased the flow rapidly



1.2. Flash flood in Utvik 3

in the river, leading to the change in the river path (Figure 1.1) at several locations.
This sudden increase in river flow resulted in flash flood along with debris flow
(Figure 1.2) which led to damaged buildings, farmlands and terrain in the area.
Power lines and underground cables were destroyed because of the flash flood
and landslides on mountainous terrain above the fjord, leaving huge gaps in the
landscape.

Figure 1.1: Changed path of the river during the flash flood. Source: tv2.no.

Figure 1.2: Debris and damage in Utvik during the flash flood. Source: tv2.no.
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After being inundated with water from heavy rain and flooding, residents of Utvik
were forced to spend several days without access to fresh water in their houses. In
addition to destroying the local bridges and roads (Figure 1.3) leading to in and
out of the village, the gaps in the landscape left the village isolated which made it
much more challenging for rescue and repair teams to reach to the devastated areas.
The village was receiving supplies of food and fresh water by boats. Total cost of
the damages after the Utvik flood was estimated to be 7 million euros for private
property damages and 5 million euros for repairing the roads (Sunnmørsposten
2017).

Figure 1.3: One of the damaged roads and bridge in the village. Source: tv2.no.

1.3 World of Wild Water (WoWW) project
After the Utvik flood, a multidisciplinary project, called World of Wild Waters
(WoWW) was started. The main aim of the project is to create a holistic un-
derstanding of causes and effects of natural hazards by creating immersive user
experience based on real data, realistic scenarios and simulations. Experienced
stakeholders, planners, decision makers and emergency agencies can base their
preventive and emergency measures on this to save lives and property. In this way,
they can move the focus from repair to mitigation investments to save direct and
indirect socio-economic losses. The project aims to bring together the knowledge
of physical and statistical behaviors of natural hazards and the knowledge of digital
storytelling and human behavior.
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This project includes everything from meteorological, hydrological and geotech-
nical conditions to the effect of human influence through constructions and infra-
structure elements influenced by or influencing the development of a natural haz-
ards. WoWW project consists of five work packages (WP) and seven PhDs from
various departments (Figure 1.4). This PhD along with two other PhDs, comes
under WP2 and the aim is to create realistic flood simulations through hydrolo-
gical and hydraulic modelling. WP2 aims to combine hydrological distributed and
hydraulic 2D models to dynamically simulate the water flow, water levels, water
ways, water forces, erosion and deposition of masses along any given watercourse.
The challenge is to create realistic simulations with poor or no calibration data as
well as to compromise between the speed and accuracy of these simulations for dif-
ferent purposes based on amount and quality of input information available from
WP1.

Figure 1.4: World of Wild Water (WoWW) project and its work packages.

WP1 aims to simulate realistic extreme meteorological events with realistic spatial
and temporal dependencies. These are vital inputs to the hydrologic simulation
models and therefore for the conditional risks and realistic series of events that
develop into natural hazards. PhD in WP1 is from mathematics and statistics field.
WP3 from geotechnical engineering, aims to model and visualize run-out flow
landslides of quick clay. WP4 from the Department of Electronic Systems, aims
to develop serious gamification of natural hazards by creating Virtual Reality ex-
perience as well as digital storytelling and human behavior to create immersive
user experiences. It enables the shift from a passive user to an active and engaged
participant feeling a higher degree of affiliation to the content by triggering more
of their senses. WP5 from the psychology department aims to explore the meth-
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odology for human-simulation interaction developed by previous work packages.
It aims for understanding human behavior in digital story telling of natural haz-
ards, defining how the most realistic user experience interaction can be achieved
through virtual reality and ensuring that the design of the gamification elements
fosters decision-making.

1.4 Hydrologic and hydrodynamic models
River systems as well as flash floods are usually simulated using hydrologic and
hydrodynamic models. Hydrological modelling consists of the part of the hydrolo-
gical cycle (Chow et al. 1988) in which water reaches the ground in various forms
of precipitation and then into a river. Typical output from a hydrological model
is a hydrograph (graph between discharge and time) typically at the outlet of the
catchment. Whereas the hydrodynamic, also known as hydraulic modelling, con-
sists of modelling the flow inside the river to find hydraulic characteristics such as
water depth, flow velocity, shear stress, erosion, submerged area, and sedimenta-
tion (Chow 1988). The output from hydrological models is normally used as the
boundary condition at upstream locations in the hydraulic models.

1.4.1 Hydrologic models

Hydrologic processes are difficult to estimate because of their non-linearity and
highly complex relationships among different parameters (Yoosefdoost et al. 2022).
The hydrologic processes depend on many parameters such as precipitation, tem-
perature, relative humidity, wind speed, solar radiations, evapotranspiration, ve-
getation, soil characteristics, land use, land cover etc. which makes it even more
complex and difficult to get a reliable relationship among all parameters (Beven
2012). The processes involved in the movement of water in a hydrological system
are quite complex because precipitation in the form of rain or snow does not flow
directly into the river channels. Instead, it follows various pathways and undergoes
different transfers before reaching the catchment’s outlet. Hydrological models are
used to simulate these transfers of water from precipitation to discharges. These
models can be either lumped, where the entire basin is considered as a single unit,
or distributed (Devia et al. 2015), where the basin is divided into small, intercon-
nected unit elements (usually less than 1 hectare) and all the processes are modeled
and routed into each other.

1.4.2 Hydrodynamic models

The complexity of hydraulic or hydrodynamic models is even more than that of
hydrologic models. These models are based on the St. Venant shallow-water
equations, which are the hydrodynamic equations used to simulate the water flow
(Novak et al. 2018). These equations are solved by connecting unitary elements
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to each other (referred to as a mesh in the case of 2D models), creating a detailed
representation of rivers where water flow is driven by physical laws. Unit elements
can be 1D, 2D (horizontal) or 3D, depending on the model requirements (Glock
et al. 2019). A hydraulic model is considered closed when it includes limit con-
ditions at all of its extremities, which drive its behavior. This means that every
element that comprises the model requires an input condition. Furthermore, all
models must have an initial condition from which they can evolve with the applic-
ation of limit conditions.

1.4.3 Integration of models and Rain-on-grid modelling

Usually, the two types of models discussed above are integrated manually, where
the output of a hydrologic model is used as input to the hydraulic model (Grimaldi
et al. 2019). This manual integration is usually more time-consuming because of
separate calibration of the two models (Li et al. 2021). Traditional hydrological
models typically only provide hydrographs as output, without presenting informa-
tion on the resulting consequences, such as velocity, water depth, and shear stress
at specific points or regions of the catchment. Whereas, to evaluate flood damages,
the hydraulic models require a hydrograph generated from a hydrologic model as
an input boundary condition. In situations where a river has many tributaries, mul-
tiple boundary conditions may be required to correctly estimate the flood zones.
However, determining where to set this input boundary condition in the hydraulic
model can also be a challenge. Furthermore, there is typically some residual flow
along the river from the catchment or small tributaries that can be challenging to
estimate and incorporate into hydraulic model calculations.

Therefore, this thesis work uses the DRM- direct rainfall method (Hall 2015), also
known as the rain-on-grid (RoG) technique, to address the aforementioned chal-
lenges and to avoid the need for manual coupling of the two model types. With this
approach, the input rainfall is applied directly to the grid cells of a 2D hydraulic
model, eliminating the need for a separate hydrological model. RoG technique of-
fers the advantages of both hydrologic and hydrodynamic models by allowing the
extraction of a hydrograph at any point within the catchment. This approach also
enables determining the consequences of floods throughout the catchment. Such
information can aid in identifying critical flood locations within the catchment.

To maximize the effectiveness of the RoG technique, spatially varied precipitation
can be used as input. Spatial variations in rainfall significantly influence catchment
hydrological responses by affecting runoff generation, infiltration, soil moisture
and streamflow, including the timing and magnitude of peak discharges and loc-
alized flooding. Moreover, models that consider spatial rainfall patterns are better
at identifying critical flood-prone areas within a catchment, offering an advantage
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over using constant rainfall inputs which can oversimplify and underestimate the
catchment’s response (Khosh Bin Ghomash et al. 2022). This enhanced under-
standing aids in flood risk management and planning, ensuring more resilient and
adaptive strategies.

1.5 Aims and objectives of the thesis
This PhD work focuses on flash flood analysis in small and steep snow-covered
catchments. The main purpose of the study is to identify the most suitable tech-
nique for flash floods in such mountainous catchments. In particular, the study
aims to achieve the following objectives:

• To simulate flash floods and analyze the response of small and steep catch-
ments in terms of both the hydrological and hydraulic characteristics such
as hydrograph, water velocities and inundated areas .

• To check the suitability of the open-source hydrodynamic model TELEMAC-
2D for hydrodynamic rainfall-runoff (HDRR) modelling.

• To identify and simulate the contribution of snowmelt and/or Rain-on-Snow
events which may lead to more intense flash floods and consequences of
such events.

• To identify advantages and limitations of the tested HDRR models and used
infiltration methods for flash flood simulations in small and steep catch-
ments.



Chapter 2

Materials and methods

2.1 Study site and input dataset
It is a significant challenge to find a small and steep catchment with measurements
and data available for the modelling purposes. The area chosen for this study is
one of the few catchments that has a fully operational gauge station inside it. In
addition, it is a small and steep catchment that has the potential for disastrous
flash floods. The study catchment is called Sleddalen that is located in Møre og
Romsdal county in western Norway (62.07°N to 62.11°N and 6.39°E to 6.48°E).
It has a complex mountainous topography and has an average slope of 48%. The
catchment is mainly covered by open land, forests, bare rock and scarce vegetation
as shown in Figure 2.1.

Input data used in this study are Digital Terrain Model (DTM), observed dis-
charge, temperature, precipitation, land cover and land use data. DTM with a
resolution of 0.5 meter by 0.5 meter was downloaded from the Norwegian map-
ping authority database (hoydedata.no) which is based on a topographic LiDAR
scan of the area. The land use- land cover data were downloaded from Geonorge
(www.geonorge.no), which is a Norwegian national website for maps and other
geographical information in Norway. The discharge data with 15 minutes and
temperature data with 1 hour resolution were taken from the Sleddalen measure-
ment station (ID: 97.5.0) within the catchment which is available from the Nor-
wegian Water Resources and Energy Directorate (NVE) database (sildre.nve.no).
Spatially distributed precipitation data for the study area were extracted from the
RadPro dataset available from the Norwegian meteorological department (thre-
adds.no). RadPro is a merged product of gridded point observations and radar data
with 1 km × 1 km spatial and 1 hour temporal resolution (Engeland et al. 2018).

9
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Figure 2.1: Study area showing steepness, land cover-land use information, maximum
and minimum elevations and the location of measurement stations in the catchment. Small
figure in bottom left shows the DTM with contour lines at 10m vertical distance and the
digitized river network from the Norwegian Water Administration database.

2.2 Methodology and Models used
TELEMAC-2D hydrodynamic mode was used in this thesis because it has the op-
tion to include a hydrological module. In addition, it is an open source modelling
tool; the source code could be accessed and modified by users. The source code of
the model was modified to implement spatially distributed rainfall as input over the
entire catchment (rain-on-grid technique). The example of the spatially distributed
input rainfall used in this research work is shown in Figure 2.2. The initial moisture
conditions in the catchment and the baseflow in the river are important parameters
to simulate a peak flow event, which could not be simulated in TELEMAC-2D.
Hence, the HBV hydrological model (Bergström and Forsman 1973) was used to
set the base flow in the river to simulate the peak flows in TELEMAC-2D.

The hydrological module in TELEMAC-2D uses the SCS-CN (Curve-Number)
infiltration method (USDA-SCS 2004). Spatially distributed CN and Manning’s
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roughness values were used, keeping all other parameters constant, such as mesh
resolution and initial moisture conditions in the catchment, after performing a sens-
itivity analysis on these parameters. No soil and initial moisture data was available
for the catchment, which is important to calculate the CN values. Additionally, as
most part of the catchment comprises forest, open land, bare rock and sparse ve-
getation, spatially distributed CN values were manually calibrated solely for these
land covers. For the other land cover types, CN values were calibrated once and
then these values were used for all flood events.

Figure 2.2: An example of 1 km x 1 km spatially distributed precipitation used as input in
the HDRR models.

All peak flow events chosen in Paper 1 were triggered by pure rainfall events be-
cause TELEMAC-2D does not have a snow routine to account for the contribution
of snowmelt to flash floods. However, in regions with snow-covered mountains,
snowmelt plays a significant role in contributing to flash floods. Therefore, it was
also essential to analyse the contribution of snowmelt in the hydrological model-
ling process. Hence, in Paper 2 and Paper 3, HBV was used to preprocess the
raw precipitation data by separating snowfall from rainfall and by calculating the
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snowmelt. The sum of rain and snowmelt, which eventually contributes to a flood,
was implemented in the HDRR models as input precipitation. This work flow used
in Paper 2 and Paper 3 is shown in Figure 2.3.

Figure 2.3: Work flow used in Paper 2 and Paper 3.

Same model-setup of TELEMAC-2D was used in Paper 2 as in Paper 1 but, given
that the CN value serves as a calibration parameter in this research work, its values
vary for each event and differ from the calibrated values for flood events in Paper
1. In Paper 2, long-duration multi-storm flood events were also simulated along
with short-duration single-storm flood events.

In Paper 3, the HEC-RAS 2D hydrodynamic model with the CN and Green-Ampt
Redistribution (GAR) infiltration methods was tested. In this paper, performances
of TELEMAC-2D and HEC-RAS 2D was compared for their RoG technique for
long- and short-duration flash flood events. The model setup used for TELEMAC-
2D in Paper 3 was similar to the previous papers, except that even finer mesh
with 3 meter by 3 meter resolution was introduced in the steeper sections of the
river close to the catchment outlet to have same mesh resolution as in HEC-RAS
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2D. The calibrated CN and roughness values used in the models, for various flood
events, are mentioned in the corresponding research articles. All these models and
methods are described in detail in the following sections.

2.2.1 TELEMAC-2D

TELEMAC-2D is a hydrodynamic model that calculates the water depth and ve-
locity components in two dimensions of horizontal space. It solves Saint-Venant
equations to calculate the hydraulic characteristics using a computational mesh of
triangular elements (Figure 2.4). For the present work, the mesh size varies from a
minimum triangle edge length of 5 meters around the river network to a maximum
edge length of 100 meters in the rest of the catchment. In Paper 3, even finer mesh
with 3 meters edge length was introduced in the steep section of the river from the
measurement station shown in Figure 2.1 to the catchment outlet.

Figure 2.4: TELEMAC-2D mesh having triangular elements with 3m x 3m resolution in
the downstream part of the river, 5m x 5m in and around rest of the river and 100m x 100m
in rest of the catchment (approximately 104600 cells).

TELEMAC-2D provides the option to integrate a hydrological module using the
SCS-CN method (Section 2.2.5) featuring the RoG technique as described by
Broich et al. (2019) and Ligier (2016). Consequently, TELEMAC-2D has the
ability to simulate the integrated flow of both overland and river systems, making
it suitable for modelling flash floods. The model has an option to choose either the
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finite-volume or finite-element method, and for this research, version v8p2 of the
model is used with the finite-volume method.

Main input files necessary for TELEMAC-2D simulations are boundary condi-
tion file, precipitation file, simulation/ steering file (*.CAS), and the geometry
file containing mesh information and catchment characteristics such as rough-
ness and CN values. TELEMAC-2D uses the geometry and precipitation files
in SELAFIN (*.slf) format. Geometry and boundary condition files were prepared
using Bluekenue (Barton 2019) software. Python and R were used to convert the
netCDF format precipitation file to SELAFIN format. PostTelemac plugin in QGIS
was used for result visualization and to generate water depth and velocity maps.

2.2.2 HEC-RAS 2D

Developed by the U.S. Army Corps of Engineers, HEC-RAS includes 1D steady
flow, 1D and 2D unsteady flow, sediment transport, water temperature, and water
quality analysis (Brunner 2021). HEC-RAS 2D is a freely available software but
not open-source, which implies that users are unable to check and modify its source
code. Versions 6.3.1 and 6.4.1 of HEC-RAS 2D was used in this research work.
This model uses a computational mesh comprising square-shaped elements (Figure
2.5) and solves the full momentum shallow water equations among other options.
Small figure in the left in Figure 2.5 shows a typical mesh containing square shaped
elements with finer grid cells in and around the river. The bigger figure on the right
shows the actual mesh, with various breaklines, used in this research work.

Necessary input files for HEC-RAS 2D simulations are mostly the same as those
required for TELEMAC-2D, with the exception of the simulation file exclusive to
TELEMAC-2D. This distinction arises because HEC-RAS 2D incorporates a user
interface, allowing the simulations to be executed directly from the main window
without the need for a simulation file. The format of the input files is also different
for both models. The precipitation file, in netCDF format, was used directly in
HEC-RAS 2D. Spatially distributed Manning’s roughness and CN values were
used. RAS-Mapper was used to prepare input files such as geometry, roughness,
and infiltration files, as well as to perform post-processing and visualization tasks,
including the water depth and velocity maps. Furthermore, for the multi-storm
flood event, the GAR infiltration method (Section 2.2.6) was tested.



2.2. Methodology and Models used 15

Figure 2.5: HEC-RAS 2D mesh having square elements with 5m x 5m in and around the
river and 100m x 100m in rest of the catchment. The big figure in right shows additional
3m x 3m resolution in the downstream part of the river along with various other breaklines
(approximately 56100 cells in total).

2.2.3 Shallow water equations used in the HDRR models

Shallow water equations are a set of partial differential equations governing the
behavior of shallow water waves and flows. These equations are derived by depth-
integrating the Navier-Stokes equations under the assumption of shallow water,
where the horizontal length scales are much greater than the vertical length scales.
Mass conservation and momentum conservation equations solved by the HDRR
models are given as follows:

Mass conservation / Continuity equation

∂h

∂t
+V · ∇(h) + h∇ · (V) = Sh (2.1)
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where

V · ∇(h) + h∇ · (V) = u
∂h

∂x
+ v

∂h

∂y
+ h

(
∂u

∂x
+
∂v

∂y

)
(2.2)

This equation ensures that the rate of change of water depth with time, combined
with the divergence of the mass flux, is balanced by any sources or sinks of mass
within the flow domain.

Momentum equations

In vector form:

∂V

∂t
+V · ∇(V ) = −g∇Z +

1

h
∇ · (hvt∇V ) + S (2.3)

• Momentum equation along x:

∂u

∂t
+V · ∇(u) = −g∂Z

∂x
+

1

h
∇ · (hvt∇u) + Sx (2.4)

• Momentum equation along y:

∂v

∂t
+V · ∇(v) = −g∂Z

∂y
+

1

h
∇ · (hvt∇v) + Sy (2.5)

The above equations are given in Cartesian coordinates, where

h (m) = water depth;
V and u, v (m/s) = Velocity and velocity components in the x, y direction respect-
ively;
g (m/s2) = gravity acceleration;
vt (m2/s) = momentum coefficient;
Z (m) = free surface elevation;
t (s) = time;
x, y (m) = horizontal space coordinates;
Sh (m/s) = source or sink of fluid;
S (m/s2) = source terms representing the wind, Coriolis force, bottom friction, a
source or a sink of momentum within the domain;
and h, u, and v are the unknowns.

2.2.4 HBV

Hydrologiska Byråns Vattenbalansavdelning (HBV) is a hydrological model de-
veloped by Swedish Meteorological and Hydrological Institute (SMHI). It is a
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semi-distributed conceptual model that divides a catchment into zones based on
the catchment properties. HBV model (Bergström and Forsman 1973) was used to
set the river base flow in the TELEMAC-2D simulations. The antecedent moisture
conditions of the catchment and initial base flow in the river are highly significant
for accurately simulating peak flow in TELEMAC-2D. But the RoG implementa-
tion in TELEMAC-2D cannot realistically simulate these factors, hence HBV was
used for this purpose.

In a catchment with varying altitudes, precipitation can occur as rain or snow sim-
ultaneously at different elevations within the same time step. However, snowfall
does not contribute to runoff until it melts. The HBV model has a dedicated snow
routine that determines the precipitation type and calculates snowmelt based on
the available precipitation and temperature data. Therefore, in Paper 2 and Paper
3, this model was used to calculate the rain and snowmelt from raw precipitation
data. The summation of which was further used as input precipitation for the RoG
modelling in TELEMAC-2D and HEC-RAS 2D Hydrodynamic Rainfall-Runoff
(HDRR) Models.

Within the HBV model, the catchment was divided into ten elevation zones of
equal size (Figure 2.6). For each zone, the model calculates the air temperat-
ure, precipitation amount and precipitation type. It does so by analyzing the tem-
perature and precipitation gradients, and the threshold temperature for snowfall
(Tx) (Killingtveit and Sælthun 1995). The model also tracks the accumulation of
snow in each elevation zone and computes the subsequent snowmelt (Equation 2.6)
based on whether the temperature in a particular zone is higher or lower than the
threshold temperature for snowmelt (Ts) (Figure 2.6 d,e). Snowmelt intensity is
computed based on the degree day factor (Cx ) and the air temperature (Ta) above
the snowmelt threshold using the following equation:

M = Cx(Ta − Ts) (2.6)

In this equation, M is the snowmelt in mm/h, Cx is the degree day factor in
mm/h◦C, Ta is air temperature and Ts is the threshold temperature for snowmelt,
both in ◦C.

The observed temperature and precipitation are adjusted to each elevation zone
according to the lapse rate for temperature (dry or wet adiabatic) and precipita-
tion (Figure 2.6e). Threshold temperature for snowfall (Tx) and the degree day
factor were calibrated for each event. Lapse rates, threshold temperatures, and
the degree- day factor were also calibrated to fit the simulated discharge from the
snowmelt events to the observed discharge, and to fit the simulated snow storage
to the actual snow storage which is depleted by the end of each summer. The snow
routine additionally considers the accumulation of liquid water within the snow,
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thereby accounting for the delayed release of rain and snowmelt water from the
snowpack (Bruland 2021).

Figure 2.6: Snow routine in the HBV model with (a) hourly precipitation input in the form
of rain and snow defined by (e) the temperature and precipitation gradients, threshold val-
ues and intensities from (b) 1 km2 grid cells with the Rad-Pro precipitation (also showing
the 10 elevation zones with different colors), (c) resulting accumulated new and old snow
and snowmelt, (d) Hypsographic curve of the catchment with the ten elevation zones.

2.2.5 The Curve Number method

The RoG module in the HDRR models uses the SCS-Curve Number (CN) infiltra-
tion method (USDA-SCS 2004) among other infiltration methods for the hydrolo-
gical calculations. The CN method was used in TELEMAC-2D for the hydrologic
module in all the three research articles included in this thesis and also in HEC-
RAS 2D in the Paper 3. CN method calculates the excess depth as surface runoff
using the following equation:
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Q =
(P − λS)2

(P + S − λS)
when P ≥ Ia and λ =

Ia
S
, Q = 0, when P < Ia

(2.7)

Where Q (mm) is the direct runoff depth, P (mm) is the event rainfall depth, Ia
(mm) is initial abstraction or event rainfall required for the initiation of runoff, S
(mm) is the potential maximum retention and λ is the initial abstraction ratio. The
default value of initial abstraction ratio (λ = 0.2) was used in this study.

Curve number (CN) is a dimensionless parameter derived empirically which is
associated with land use, land cover, hydrological conditions, hydrological soil
group, and antecedent soil moisture condition within the catchment. The CN is
related to the above equation in the following way:

CN =
25400

(254 + S)
(2.8)

Antecedent Moisture Conditions (AMC) are classified into three categories based
on soil moisture levels in the catchment: dry (I), normal (II), and wet (III). CN
value for normal AMC can be converted to the CN for dry and wet AMCs. One of
the most popular equation set for this conversion is given by Chow et al. (1988):

CN(I) =
4.2 CN(II)

10− 0.058 CN(II)
(2.9)

CN(III) =
23 CN(II)

10 + 0.13 CN(II)
(2.10)

However, for the Sleddalen catchment, due to the absence of available informa-
tion regarding the soil’s moisture level before the events, the CN values were not
adjusted for different AMCs. We kept the CN value as a calibration parameter
keeping the AMC constant corresponding to normal condition. Nonetheless, the
TELEMAC-2D has an option for steep slope correction to accommodate the moun-
tainous nature of the catchment, as per the following equation introduced by Huang
et al. (2006):

CN(II)α = CN(II)
(322.79 + 15.63α)

(α+ 323.52)
(2.11)

WhereCN(II) is the curve number corresponding to the normal antecedent mois-
ture condition (AMC II), α is the terrain slope in m/m and varies from 0.14 m/m to
1.4 m/m. The CN(II) values can be raised by up to 6% for α =1.4 (Ligier 2016).
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2.2.6 Green-Ampt and Green-Ampt Redistribution infiltration methods

Unlike the CN method, Green-Ampt (GA) method is a physically based model.
The rate of infiltration in this approach varies over time, taking into account soil
properties such as initial and residual moisture content, hydraulic conductivity,
porosity, suction head, and soil texture (pore size distribution) (Ogden and Saghafian
1997). The CN method assumes an initial abstraction before the initiation of sur-
face runoff, on the other hand, the GA method assumes that runoff begins only
when the rainfall rate exceeds the infiltration rate. GA approach assumes a clear
boundary between the wet and dry soil, with the moisture potential changing along
the wetting front in the dry soil according to its water content (Green and Ampt
1911). The GA equations, offering a simplified understanding of the infiltration
process, are widely recognized as a suitable method for calculating the vertical
water flow in the soil.

The GA approach is well-suited for replicating single peak flow events in which
the impact of evapotranspiration and unsaturated gravity-driven flow is negligible.
However, when modelling long-duration flood events resulting from multiple pre-
cipitation storms, it becomes crucial to account for the soil moisture redistribution.
In such cases, the Green-Ampt Redistribution (GAR) method is used to simulate
soil moisture recovery during periods of rainfall hiatus. For these events, it may be
necessary to consider two wetting fronts. The following sections show the equa-
tions for the GA and GAR methods.

Equations for the basic GA method:

The basic GA method relies on four parameters: saturated hydraulic conductivity
(KS), suction head (ψ), initial moisture content (θi), and saturated moisture con-
tent (θs). However, the GAR method considers two parameters in addition: the
residual moisture content (θr) and the pore size distribution index (λ).

- Potential infiltration rate:

f(t) = Ks(1 +
ψθd
F

) (2.12)

- Actual infiltration rate:

Actual infiltration = Minimum of [f(t), Precipitation rate] (2.13)

- Cumulative infiltration depth is then computed as:

F (t) = Kt+ ψ θd ln(1 +
F (t)

ψθd
) (2.14)

Where θd is the moisture deficit given as (θs − θi) and t is time.



2.2. Methodology and Models used 21

Equations for the GAR method:

Onset of a rainfall hiatus period occurs when the saturated hydraulic conductivity
(KS) exceeds the rainfall intensity. Within this interval, the soil moisture content
initiates a decline, and the corresponding change in the moisture content (θ0) for
the redistribution process is computed using the following formula (Smith et al.
1993):

dθ0
dt

=
1

Z0
(f − Ev,0−[K0 +

KsG(θi, θ0)

Z0
]) (2.15)

Where Z0 is the depth to the wetting front given as F0/(θ0 − θi), Ev,0 is the
evapotranspiration rate, Ki, KS andK0 are the unsaturated hydraulic conductivity
corresponding to the initial moisture content θi, saturated moisture content θS and
a moisture contents of θ0 respectively. G(θi, θ0) is the integral of capillary drive
through the saturated front which is computed (Ogden and Saghafian 1997) as
follows:

G(θi, θ0) = ψ
θ
3+ 1

λ
0 − θ

3+ 1
λ

i

1− θ
3+ 1

λ
i

(2.16)
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Chapter 3

Summary of the papers

The main goal of this doctoral work was to develop and test methodologies for
modelling flash floods in small and steep snow-covered mountainous catchments
to estimate peak flows, flood hydrograph and catchment response during extreme
events. One of the objectives of this research was to calculate extreme flood hydro-
graphs and their consequences such as water depth and velocities at any location
and in any arbitrary water course to identify potential flood damage spots in the
catchment. In other words, the objective was to analyze flash floods in such a way
that it is possible to extract hydrological and hydraulic characteristics anywhere
within a catchment. To achieve this, the first goal was to choose or create such a
model which can simulate hydrology and hydraulics in a single simulation using
spatially varied precipitation.

In order to find out a suitable model, several hydrological models were reviewed,
such as HBV, SHyFT (Statkraft Hydrologic Forecasting Toolbox) (Burkhart et al.
2021), MIKE SHE (Systeme Hydrologique European) (Refshaard and Storm 1995),
HEC-HMS (hydrologic engineering center hydrologic modelling system) (Chu
and Steinman 2009), SWAT (Soil and Water Assessment Tool) (Arnold et al. 1998)
etc. In the end, the TELEMAC-2D hydrodynamic model was chosen for this study
because it has the option to include a hydrologic module, making TELEMAC-
2D a hydrodynamic rainfall-runoff (HDRR) model, which can model both hydro-
logy and hydraulics in a single simulation. In addition, TELEMAC-2D is an open
source modelling tool, meaning that the source code can be accessed and modified
by the users.

In Paper 1, source code of the TELEMAC-2D model was modified to implement
spatially distributed rainfall as an input over the entire catchment (rain-on-grid).
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This Paper aimed to analyse the fully integrated hydrologic- hydrodynamic model-
ling approach and rain-on-grid technique in TELEMAC-2D. The model was tested
for single-storm floods induced by rainfall events. Results showed that the cal-
ibrated models can satisfactorily reproduce peak flows and produce relevant in-
formation on hydraulic characteristics. Furthermore, the results indicated that this
technique has the advantages of both hydrologic and hydraulic models. The peak
flow events analysed in Paper 1 had no contribution of snowmelt in the flood. But
the flash floods caused by heavy rainfall with snowmelt contribution due to sud-
den rise in temperature have become common in the changing climate. Hence, it
was also important to analyse the flash floods occurring due to such Rain-on-Snow
(RoS) events.

Therefore, in Paper 2, we investigated the effect and importance of including snow-
melt for distributed runoff generation. Since, TELEMAC-2D doesn’t have a snow-
routine, the HBV hydrological model, was used to preprocess the raw precipitation
data to calculate the rain and snowmelt which actually contribute to floods. The
sum of rain and snow-melt was then used as input precipitation for simulations in
TELEMAC-2D. The integrated model worked particularly good for short- duration
single peak events, but it struggled to reproduce a flood event with sustained flow
induced from a multi-storm precipitation event. The results indicated a need for
time-varying CN values for flood events with multiple peaks or testing another
infiltration method for hydrological part of the HDRR model .

Hence, in Paper 3, we tested another hydrodynamic model, HEC-RAS 2D to over-
come the limitations observed in TELEMAC-2D because HEC-RAS 2D has an op-
tion of implementing rain-on-grid technique using other infiltration methods. The
results showed that both the models successfully replicated the peak flow for single
storm-events. However, neither the CN method in TELEMAC-2D nor the GAR
or CN method in HEC-RAS 2D could satisfactorily reproduce the long-duration
floods with sustained flow between the flow peaks. This study found out that it
was not the CN method that was the problem identified in Paper 2, but it was the
fact that the infiltrated water in these HDRR models is lost permanently out of the
domain which should be contributing as the sustained flow during a flood event.

The following sections of this chapter provide a summary and main findings from
each of the three research articles included in this thesis. Figure 3.1 shows an
outline of all the papers contributing to the purpose of this thesis.
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Figure 3.1: Flowchart presenting the studies conducted as parts of this doctoral work
that address several literature gaps and contribution in the field of flash flood hydrology
of small and steep snow-covered mountainous catchments.
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3.1 Paper 1: Simulation of flash flood peaks in a small and
steep catchment using rain-on-grid technique

This research article aimed to develop and analyse the methodology for a fully in-
tegrated hydrologic- hydrodynamic model using spatially distributed precipitation.
TELEMAC-2D has an optional hydrologic module therefore, it was chosen in this
study for its Rain-on-Grid technique. The resulting model was analysed for single-
storm flood events using CN infiltration method available in TELEMAC-2D.

In this article, seven peak flow events, between years 2018 and 2021, caused by
rainfall were chosen depicting a range of scenarios in which the accuracy of pre-
cipitation and runoff data was considered satisfactory. These events were selected
based on the availability of high-quality precipitation and runoff data, covering a
diverse range of situations. The results showed that the fully integrated HDRR
models can satisfactorily reproduce peak flows (Figure 3.2) and produce relevant
information about hydraulic characteristics such as water velocities and inunda-
tion. Moreover, the findings suggest that this approach offers the benefits of both
hydrological and hydraulic models.

The model was also tested for using a single averaged CN value for the entire
catchment and the findings indicate that it can produce equally satisfactory results
as those obtained by the use of spatially distributed CN values, in case there is no
soil data available for a catchment. A 200-year design flood was also simulated to
illustrate the potential damages in the catchment in terms of the velocity and water
depth. Figure 3.3 shows the depth, velocity, and product of the water as a result of
the design flood in the catchment region with the highest potential for damage and
consequences.

Moreover, a sensitivity analysis was done for the CN values, roughness, mesh res-
olution and different antecedent moisture conditions in the catchment. The results
showed that the runoff volume is highly sensitive to the CN values and AMCs.
The results also indicated that coarser mesh size, drier catchment (dry (AMC I,
Low CN value) , and higher roughness values lead to lower runoff volumes and
conversely.

The peak flow events analysed in Paper 1 had no contribution of snow-melt to
the floods. But the flash floods caused by rain-on-snow events have become com-
mon in the changing climate. Hence, it was also important to analyse the flash
floods triggered by RoS events, which was done in the next phase of the research,
described in the subsequent sections.
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Figure 3.2: Peak flows from RoG simulations in TELEMAC-2D using distributed CN val-
ues (red) and using a single averaged CN value (CNa) (green) compared to observed flow
(black), and correlation and Nash Suthcliff model efficiency in case of distributed CN val-
ues (R2

d, NSEd) and average CN values (R2
a, NSEa) corresponding to the seven events

selected for the current study.

Figure 3.3: Water depth (a) deeper than 0.1m and Velocities (b) higher than 0.25m/s, and
the product of depth and velocity (c) higher than critical levels for pedestrians (0.4m2/s),
vehicles (0.7m2/s) and buildings (2m2/s) for the design storm with 200-yr return period.
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3.2 Paper 2: Modelling flash floods driven by RoS events using
rain-on-grid technique in the hydrodynamic model TELEMAC-
2D

Flash floods caused by heavy rainfall and snowmelt due to sudden temperature
rise have become more common during autumn and winter in Norway and other
countries with snow-covered mountains (Pall et al. 2019). It is therefore crucial to
investigate these events. In Paper 2, the effects and importance of including snow-
melt for distributed runoff generation was investigated. Since, TELEMAC-2D
does not have a snow-routine, HBV hydrological model was used for calculating
snowfall, rainfall and snowmelt from the raw precipitation data. The sum of rain
and snowmelt was then used as input precipitation for simulations in TELEMAC-
2D (workflow in Figure 2.3). HBV calibration results for the period 2018 to 2021
gave NSE (Nash and Sutcliffe 1970) value of 0.70. Results in Figure 3.4 show that
the integrated model worked particularly well for single-storm events.

Figure 3.4: Observed and simulated discharge, liquid precipitation (rain) and snowmelt,
temperature (upper) corresponding to the events. The figure also shows solid precipitation
(snow) that does not contribute to the runoff.
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However, the model could not reproduce all peaks of a flood event with sustained
flow induced by a multi-storm precipitation event. It was tried to calibrate the
model for such scenarios (Figure 3.5). Initially, the event was simulated with an
average CN value of 41 for the catchment, which successfully captured the first
peak but overestimated the second peak because the CN value of 41 was apparently
too high as the catchment reached saturation after the first peak flow. To address
this issue, another simulation was performed for the event with a lower CN value to
reproduce the second peak, using the output from the first simulation as the initial
condition.

The same event was also simulated in the hydrologic model, HBV without the
integration with any hydraulic model. The hydrologic model alone performed bet-
ter in reproducing the flood peaks and the sustained flow event. However, unlike
TELEMAC-2D with the RoG technique, the HBV model did not provide any cru-
cial information such as water levels, velocities, and inundated areas along the
watercourses in the catchment. TELEMAC-2D might struggled to reproduce such
events because it lacks water storage and soil routines which are available in HBV.
As a consequence, the infiltrated water does not contribute back to the river as
subsurface flow in the later stages of the flood. For the same reason, a steeper
recession limb was also observed compared to actual discharge in all the cases.

Figure 3.5: Single simulation in TELEMAC-2D for entire event with CN= 41 (red), an-
other TELEMAC-2D simulation with CN= 37.5 (blue) to calibrate the second peak, and
the result from calibrated HBV alone (R2= 0.87) (green).
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These findings indicate a requirement for varying CN values over time for flood
events with multiple peaks, or implementation of an alternative infiltration ap-
proach which changes with time into the hydrological component of the HDRR
model. Therefore, in the next phase of the research, another HDRR model was
tested with other infiltration method as described in the following sections.

3.3 Paper 3: Comparison of two hydrodynamic models for their
rain-on-grid technique to simulate flash floods in steep catch-
ment

In Paper 3, another HDRR model, HEC-RAS 2D was tested which has an option
of implementing a rain-on-grid technique using various infiltration methods. For
this Paper, we selected Green-Ampt Redistribution infiltration method because of
its capacity to vary infiltration capacity over time. Moreover, HEC-RAS 2D was
compared with TELEMAC-2D for its rain-on-grid technique as well as for the
calibration process, mesh elements and results such as the inundated areas, water
depths and velocity of water during a flood.

Results showed that both models successfully replicated the peak flow for short-
duration single storm events (Figure 3.6). However, to achieve the similar runoff
volume in HEC-RAS 2D, it required lower Manning’s roughness and higher CN
values compared to TELEMAC-2D. The calibrated CN and roughness values used
in both the models for these events in are shown in Table 3.1.

Final results for the inundation area and water depth from both the models were
similar. However, HEC-RAS 2D computed higher velocities in the steeper sections
of the river as compared to TELEMAC-2D. Results shown in Figure 3.7 indicate
that the differences between the calculated velocity by the two models is propor-
tional to the slope of the river. The steeper the slope, the higher the difference
between velocities calculated by the two models.

GAR infiltration method in HEC-RAS 2D was also tested for simulating longer-
duration flood events generated by multi-storm precipitation events. The results in
Figure 3.8 show that neither the CN method in TELEMAC-2D nor the GAR and
CN method in HEC-RAS 2D satisfactorily reproduced the sustained flow between
the flood peaks. A sensitivity analysis of the GAR parameters was performed to
understand the results for the long-duration multi-peak flow floods. The analysis
was done on a small model with only two cells. The results showed that the runoff
volume is not very sensitive to the two parameters which affect the second peak
of the flood. Furthermore, the results of the sensitivity analysis were as expected
and according to the theory, which are shown in detail in Paper 3. So, the real
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reason behind the models not being able to reproduce sustained flow between the
flow peaks and the recession limb of the hydrograph is that the infiltrated water
is permanently lost from the model. When this infiltrated water returns as surface
flow, it contributes to the recession part of floods, and it is also responsible for the
sustained flow between the flow peaks, which is lost from the HDRR models.

Figure 3.6: Precipitation (blue columns on top), observed discharge (black) and results
from TELEMAC-2D (red) and HEC-RAS 2D (green) simulations.

Table 3.1: Calibrated CN and Manning’s roughness values used for various land covers
in both the models. (*T2D = TELEMAC-2D, HR2D = HEC-RAS 2D)

Land-cover
CN (T2D*) CN (HR2D*)

Roughness
(T2D*)

Roughness
(HR2D*)Event

A
Event
B

Event
A

Event
B

Bare rock and scarce
vegetation

89 85 99 98 0.02 0.1

Forest 88 80 95 96 0.2 0.2
Open land 80 75 94 95.5 0.05 0.15
Marsh 90 90 95 92 0.2 0.2
Fully cultivated soil 90 90 94 90 0.04 0.04
Inland pasture 89 89 95 89 0.259 0.259
River 100 100 100 100 0.04 0.055
Urban Area 89 89 95 96 0.1 0.1
Roads 91 91 99 91 0.02 0.02
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Figure 3.7: Slope (blue) and velocity distribution along the centerline of the steep river
stretch from the measurement station to outlet of the catchment. In the legends, T2D =
TELEMAC-2D and HR2D = HEC-RAS 2D.

Figure 3.8: Multi-storm flood event with two peaks induced by a RoS event. Observed
discharge (black) and results from the hydrologic model HBV (blue) and hydrodynamic
rainfall-runoff models TELEMAC-2D (red) and HEC-RAS 2D from CN (maroon) and GAR
method (green).



Chapter 4

Discussion

4.1 Rain-on-Grid technique in HDRR models
There have been disastrous flash floods in small watercourses in Norway in the past
(Roald 2019). These flash floods were often induced by extreme rainfall events
or the combined effect of extreme rainfall and snowmelt in steep snow-covered
catchments (Pall et al. 2019; Hansen et al. 2014). Therefore, this thesis has focused
on understanding and simulating the flash flood hydrology of such catchments.
The results of this thesis work show that the integrated model using RoG technique
satisfactorily reproduces single peak flows, the inflow sources and tributaries. The
main finding from this research work is that a fully integrated hydrologic-hydraulic
model with the RoG technique can be a solution to properly model single-storm
flash floods in snow-covered steep catchments. These flash floods can be caused by
either only extreme rainfall or an RoS event that has a mix of rain and snowmelt.

The RoG technique has the benefits of both hydrologic and hydrodynamic models.
It satisfactorily reproduces the peak flow as well as the consequences of the flow
in the river and in the catchment, such as flooded areas and critical water velo-
city. Additionally, it simulates the residual flow along the river, which is usually
not simulated and difficult to estimate in the traditional way of 2D hydraulic mod-
elling. A conventional hydrologic model typically produces a hydrograph at the
catchment outlet, offering no insights into hydraulic attributes such as river rout-
ing, water velocities, and depths. Conversely, a hydraulic model provides detailed
information on these hydraulic characteristics, but relies on data from a hydrolo-
gic model for boundary conditions. RoG implementation within hydraulic models
integrate hydrologic and hydraulic modeling to effectively route runoff throughout
the entire catchment. Consequently, rather than merely defining boundary condi-
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tions to introduce inflow into the river system, RoG models facilitate the simula-
tion of discharge and hydraulics across any tributary, including their contributions
to the main river’s inflow.

Moreover, this approach provides valuable information on critical locations within
the river system where water velocities, depths, and sediment loads can have signi-
ficant consequences. However, it is important to note that RoG approach in HDRR
models, on its own, lacks representation of key hydrological processes such as
snowmelt, soil, and groundwater storage. As a result, it relies heavily on accur-
ate initial soil conditions and input data for snowmelt. But the HBV-integrated
approach with HDRR models used in this study shows satisfactory results for the
snowmelt events too.

The implementation of the RoG technique on a catchment scale shows the devel-
opment of source areas and how the potential flood waves evolve through small
streams in upstream areas and in the main water course in the downstream. In
addition, this methodology enables users to extract the runoff hydrograph and hy-
draulic characteristics at any point within the catchment at any time-step. This
functionality makes it an appropriate tool for evaluating erosion, sedimentation,
and associated challenges during a flood event, as highlighted by Ali et al. (2017).
Moreover, it allows the examination of the combined impact of water depth and
velocities (Shand et al. 2011; Kreibich et al. 2009), as addressed in the Norwegian
national regulation act (Direktoratet for byggkvalitet 2017). The fully integrated
HDRR models have a reduced simulation run-time as compared to the traditional
method of manual coupling of the two types of models. However, it can be the
opposite if this technique is used for larger areas (Hariri et al. 2022; Rangari et al.
2019) because of exceptionally large number of grid cells.

The following sections delve deeply into several additional findings from this study
concerning the model-setup, the impact of differing mesh resolution, roughness
values, and CN values. We discuss findings regarding the use of the ROG tech-
nique in HDRR models for both short and long duration floods, a comparison
between the two HDRR models, the uncertainties that are associated with the use
of this approach, and the concept of equifinality. We also discuss how the results
obtained support and contribute to the WoWW project.

4.1.1 Mesh resolution

Calibration results of the HDRR models from the papers in this thesis show that the
size of mesh grid cell is an important factor in determining the amount of runoff,
similar to what was discovered in a study by Clark et al. (2008). The finer the mesh
resolution, the higher the runoff volume. However, using a finer mesh leading
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to more cells makes the simulations computationally more expensive (Caviedes-
Voullième et al. 2012). When the flow is generated by a precipitation event, water
moves downstream by solving shallow water equations in a hydrodynamic model.
Water depths in the flat and large cells of the model (100 m × 100 m) can be too
shallow before it joins a water stream. This means that the Manning’s friction
coefficient, which is often too large for these shallow water depths, can trap water
in the roughnesses and affect the actual water-flow propagation time. Additionally,
using a coarse grid might not accurately represent the true geometry of the catch-
ment, which can also cause more water to stay in the model (David and Schmalz
2021) and result in a lower peak flow compared to a simulations with a finer mesh.

4.1.2 Roughness

The roughness coefficients used in the HDRR models were adjusted based on the
initial values from Chow (1988) for various land uses in the catchment to get a
better fit of the peak flows, as done in various other studies (Garrote et al. 2016;
Shen et al. 2017). Results from sensitivity analysis showed that increasing the
roughness values to improve peak flow timing may sometimes lead to excessively
high friction values, particularly for events with shallow water depths (Hall 2015).
This situation can result in a considerable amount of water being trapped within the
domain, and even increased CN values (decreased infiltration) may not compensate
for this. This was experienced in HEC-RAS 2D while calibrating single-storm
events in Paper 3. Therefore, the grid cell size in catchment was decreased to get
a higher runoff volume and calibrate the peak flow.

4.1.3 CN Method

The calibration results from Paper 1 show that as the flood size decreases, higher
CN values is needed, which is contrary to what was expected (Hjelmfelt 1991).
This can be explained by the fact that a higher CN value reduces the simulated in-
filtration. This effect compensates for the lack of subsurface water transfer to the
river, as the infiltrated water is lost from the HDRR models. In case of high dis-
charges, this compensation is less important because a smaller part of the discharge
comes from infiltrated water. This also affects the simulation of the recession limb
and the total volume of water in the floods.

Average and spatially distributed CN values

Initially, in Paper 1, single CN value (CNavg) was used for the entire catchment due
to the lack of soil data. However, the tabulated CN values in National Engineering
Handbook (Section-4) (USDA-SCS 2004) have been shown to be inadequate to
get the correct runoff volume in many cases (Mishra and Singh 2006). Therefore,
the CNavg values were calibrated in this study. The HDRR models were also calib-
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rated for distributed CN values based on land-cover data, which could be done in
a reasonable time because of the small catchment size. However, for large catch-
ments, this approach would not be possible due to the high computational time.
The result from Paper 1 showed that the model can give equally good results in
both the cases i.e; by using single CNavg value for the entire catchment and by
using distributed CN values.

Antecedent Moisture Condition (AMC)

The conventional formula by Chow et al. (1988) and Hjelmfelt (1991) encounters
an issue that the CN value gets a sudden jump when converting from one AMC
level to another which is not the case in real life. Also, it is not physically realistic
to have only three fixed moisture conditions in a catchment, but CN method is
not a physically based method, instead it is an empirical method. Several recom-
mendations have been made in the past regarding the selection of AMC based on
antecedent cumulative rainfall (Hope and Schulze 1982; Schulze 1982), but some
later studies (Mishra and Singh 2006) have shown that the existing criteria of cal-
culating AMC from the cumulative rainfall of the previous 5 days is unrealistic.

Similar was the case in the current research work where the sensitivity test showed
that the runoff volume was significantly influenced by the CN and AMC, but there
was no apparent relationship between the CN and the cumulative rainfall of the
previous days, base flow or flow peak. Hence, a constant AMC II was used in
TELEMAC-2D and the model was calibrated for CN instead. HEC-RAS 2D does
not have an option to choose AMCs, so only CN values (distributed based on land
use -land cover) were calibrated similar to that in TELEMAC-2D. Moreover, since
each event had varying antecedent rainfall events with different characteristics,
intensity, duration, and distribution, it was necessary to calibrate the CN values
individually for each event selected for this study.

4.1.4 Comparison of the two HDRR models

For the single- storm short-duration rainfall-induced flood events, CN method was
used in both the HDRR models. When the same roughness and CN values were
used in both the models, a lower runoff volume and peak flow were calculated in
HEC-RAS 2D. One potential explanation for the disparity in results for identical
CN and Manning’s roughness values could be the steep slope correction imple-
mented in TELEMAC-2D. The steep correction increases the CN value based
on the slope observed at the specific location which means lower infiltration and
higher runoff volume. To obtain an equally good runoff volume in HEC-RAS 2D,
the mesh- resolution (David and Schmalz 2021) and CN values were increased,
and to get correct peak timing, the roughness values were increased compared to
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TELEMAC-2D.

In HEC-RAS 2D, when the mesh resolution was too coarse, a significant amount
of water was trapped in the grid cells (Hall 2015). This was also observed by David
and Schmalz (2021) in their HEC-RAS 2D RoG study, which concluded that the
coarser the mesh resolution, the higher the volume retention in the catchment.
Large grid cells don’t catch the terrain details well. Water in a grid cell can only
flow out through the edges, and with a fine grid, there are more flow paths for
water to move out. But with a large cell, the edges of the cells may end up slightly
higher than the actual terrain within the cell trapping water inside. This trapped
water resulted into lower runoff volume and smaller flow peak in HEC-RAS 2D.
This problem was solved by introducing a finer mesh and breaklines in the steep
sections of the catchment.

Inundation area and water depth results obtained in Paper 3 from both the HDRR
models were almost similar, but HEC-RAS 2D tended to produce higher velocities
in the steep sections of the river. The reason behind this could be pushing the
application of HEC-RAS beyond its recommended limits in this study, particularly
considering that the river slope exceeds 20-degree threshold, recommended in the
HEC-RAS 2D user manual (Brunner 2020).

Both the HDRR models also showed a slightly steeper rising limb than the ob-
served hydrograph. It was also observed in a study by (Vu et al. 2015), where the
best agreement for inundation area between the simulated and observed was for
the peak flow, not for the pre- and post- peak flow time. Pilotti et al. (2020) also
observed a slightly steeper rising limb and early peak of the hydrograph for their
2D hydraulic dam-break analysis using HEC-RAS 2D and TELEMAC-2D, which
aligns with the findings of this study. However, they noted a gentler recession limb
compared to the observed data.

In most of the simulated cases, the recession limb of the hydrograph, was under-
estimated by both the models, which was also observed in some previous studies
(Hall 2015; Costabile et al. 2021; Ali 2024). Possible reasons for this could be
infiltrated water is permanently lost from the model and cannot resurface and con-
tribute to the hydrograph in later stages of flood. The second reason could be the
large mesh size (100m) used in the catchment, where small streams and channel
would connect and drain into the main river, but are not captured and represented
in the large grid cells (Hall 2015).

4.1.5 Long-duration multi-storm flood events

TELEMAC-2D model with CN infiltration method could not produce satisfact-
ory results for long-duration multi-peak flood events in Paper 2. Therefore, an-
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other HDRR model, HEC-RAS 2D with the CN and GAR infiltration methods
was tested in Paper 3 as an alternative approach to simulate such events. But the
results showed that none of the models could correctly simulate all the peaks and
the sustained flow between the peaks in a long-duration flood event.

In theory, the GAR method should be able to address the limitations of the CN
method, as it is designed to recover the infiltration capacity during dry periods. On
the other hand, the steep catchment used in this study has shallow soils that contain
a return flow component, which is not taken into account in TELEMAC-2D nor
in HEC-RAS 2D. Since, these hydraulic models permanently loose the infiltrated
water and do not simulate the subsurface return flow, the infiltrated water cannot
contribute to the runoff on a later stage as sustained flow between two flow peaks
of the hydrograph. This is also one of the reason to have a underestimated falling
limb of the flow hydrograph (Hall 2015).

In reality, infiltrated water in shallow soils contributes significantly to runoff (Scan-
lon et al. 2000). Therefore, introducing a delay mechanism that can allow the infilt-
rated water to resurface and contribute to runoff between two precipitation events
can address this issue. This is precisely what the soil routine of the HBV model
does, where a retention delay follows the release of water from the soil routine to
the runoff to mimic the dynamics of subsurface water. In HBV model, the sub-
surface water, stored in the soil routine, is available for future time-steps, ensuring
a continued runoff generation throughout the entire event (Bergström 1975). In
contrast, the infiltrated water is lost in both the HDRR models and can not contrib-
ute to the runoff as delayed flow which limits their ability to correctly reproduce
long-duration flood events.

4.1.6 Uncertainties

A famous quote by eminent statistician George E. P. Box "Essentially, all mod-
els are wrong, but some are useful." encapsulates the inherent uncertainty present
in models, emphasizing that while no model can fully capture the complexity of
reality, some models can still provide valuable insights and utility despite their im-
perfections. The results obtained in this research work also associated with vari-
ous sources of uncertainty. The most pertinent and extensively researched sources
of uncertainty in hydrologic-hydraulic modelling include multiple aspects (Teng
et al. 2017). Some examples are: the selection of model structures, as highlighted
by Apel et al. (2009), as well as the determination of model parameters such as
roughness (Beven and Binley 1992; Pappenberger et al. 2005), model inputs such
as precipitation, land-cover data, soil type and soil-depth data, terrain, bathymetry
and boundary conditions etc. (Abily et al. 2016).
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For analysing the snowmelt contribution in this research, the snow routine in HBV
was used to pre-process the input precipitation for the two HDRR models. The
good fit between the observed and simulated runoff in HBV model confirms the
reliability of the calculated snowmelt as input to the RoG- HDRR models. How-
ever, in complex mountainous regions like western Norway, it is challenging to
obtain the correct spatial and temporal distribution of precipitation from gauge
stations, radar dataset, or high-resolution interpolated data sets, as the complex
terrain strongly influences this pattern (Li et al. 2020) leading to uncertainties in
model results. Furthermore, the spatial differences in land-cover, soil type, and
soil depth significantly influence the catchment’s runoff behavior, impacting infilt-
ration, soil moisture levels, the timing of peak discharge (referred to as lag time),
and potentially resulting in multiple peaks in the hydrograph.

Moreover, there are uncertainties related to the large grid cells which have lim-
itations capturing the terrain correctly, initial soil moisture, CN values and GAR
parameter because no soil data was available for the study area. Furthermore, con-
stant Manning’s roughness with respect to time was used in this study, but usually
the roughness changes with change in water depth and steepness (Hinsberger et al.
2022). Therefore, there is uncertainty associated with the model results due to
various factors.

4.1.7 Equifinality

During model calibrations, it was observed that various combinations of Man-
ning’s friction coefficient and CN values provided acceptable results. This concept
is known as equifinality (Beven 2012). Higher initial soil moisture levels, which
should produce higher runoff, can be compensated by increasing infiltration (re-
ducing CN values) to get a better fit. This might explain why lower CN values
were needed for higher observed runoff during calibration. Similarly, roughness
affects water retention in the catchment, and excessive roughness can be balanced
with unrealistic CN values. Equifinality can be reduced by using a more physically
correct hydrological module that includes soil moisture variability and subsurface
flow in hydrodynamic models. A Monte Carlo optimization that includes all para-
meters might provide a more accurate model, but it can take unrealistically high
computational time due to the long hydrodynamic simulations and large variety of
parameters in case of GAR infiltration method.

4.2 Contribution to the WoWW project
An effective visualization tool for hazard management is necessary because of the
risk posed by flash floods on communities and infrastructure. The methodology
employed in this thesis serves as a crucial tool for visualizing the runoff process
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and its implications in terms of water depth and velocities. Results generated from
the HDRR models provide a foundation for understanding flash floods and are
fundamental to comprehensive visualization. Utilizing a distributed model, as im-
plemented in this research, streamlines the visualization process, aligning with
the primary focus of the WoWW project on visualization techniques. Although
no further efforts were made towards visualization in this study, it lays down the
fundamental groundwork for future visualization endeavors and further research
within the WoWW project.

Despite the potential of serious gamification in flood hazard management, pro-
gress in interactivity remains sluggish due to prolonged simulation times asso-
ciated with hydrodynamic models. Future research should focus on enhancing
interactivity in visualization and reducing simulation run times to facilitate quick
analysis of altered scenarios, such as the impact of a damaged infrastructure or
bridge in downstream or increased precipitation. The findings from this PhD work
provide valuable insights into the visualization of flash floods. Integration of these
findings into other work packages of the project can contribute to the creation of
comprehensive visualization tools for hazard management.

4.3 General comments
Despite the above mentioned limitations, the methodology used in this research
holds potential in simulating the hydrology of a steep catchment and determines
the propagation and volume of water throughout the catchment, which is crucial
for assessing the damages caused by flash floods. There have been done many
studies using the RoG technique (Hariri et al. 2022; Costabile et al. 2022; Zeiger
and Hubbart 2021; Hinsberger et al. 2022), but this type of study has not been done
before on catchment- scale level in a steep catchment with an average slope of 26
degrees. The HDRR models with RoG technique used in this study provide real-
istic inflow to any point along the watercourse and is more reliable in identifying
critical locations with high potential for local or downstream damages, compared
to the traditional hydrological and 2D hydraulic models. This approach satisfies
the requirements of the national regulation act, as well as the studies by Kreibich
et al. (2009) and Shand et al. (2011) by addressing the combined effects of water
depth and velocities. This approach also provides useful information on water ve-
locities, depths, and discharges along watercourses, tributaries, and flooded areas
at any given time, making it a useful tool for assessing shear stresses, erosion,
sedimentation, and related challenges.



Chapter 5

Conclusions and
Recommendations

5.1 Conclusion
This PhD thesis focused on exploring and modelling the hydrology of flash floods
in small, steep, snow-covered mountainous catchments. The main goal was to
simulate flash floods in a manner that computes both hydrological and hydraulic
features at any spot within a catchment in a single simulation. This comprehensive
approach aimed to facilitate the identification of critical locations prone to flash
flood damage, thereby aiding in the selection of optimal operational methods for
mitigation and preparedness.

The results of this work show that the RoG technique is an effective tool to achieve
this objective. Single-storm flash flood peaks within small and steep catchments
were satisfactorily replicated, along with a comprehensive representation of the
flash flood’s consequences throughout the entire catchment, in terms of water
depths and velocities. The results show that if calibrated for particular event, the
HDRR models, such as TELEMAC-2D and HEC-RAS 2D with RoG, can be an
efficient tool for estimating realistic design floods and corresponding water depths
and velocities along the tributaries, watercourses and in the entire catchment.

Since many flash floods in Norwegian catchments with small watercourses are
induced by RoS events, this research identified and simulated the contribution of
snowmelt in flash floods by integrating the snow routine from the hydrological
model HBV and the RoG technique in the HDRR models. The results indicated
that the approach used in this study satisfactorily reproduces single storm floods,
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the inflow sources and tributaries throughout the catchment. The results provide
crucial information for flood protection at any point along the entire river system
in a catchment.

Such a combination can also be used to combine the snowmelt and rain with the
hydraulic simulations in rain-on-grid models as demonstrated in Paper 2. In ad-
dition, implementing soil routine and snow storage in HDRR models can give a
valuable contribution to flash flood mitigation and contingency work because such
a combination gives both the hydrology and the hydraulics in the river and the
catchment in a continuous operational simulation model.

Both models successfully replicated peak flow for single storm flood events. How-
ever, the RoG technique in both the HDRR models was unable to reproduce all
peaks in a multi-peak flood event with sustained flow between the peaks, regard-
less of the choice of CN values and GAR parameters. It was observed that fully
integrated hydrodynamic rainfall-runoff modelling with the RoG tool is only suit-
able for flash floods in small rivers, not for large river floods with long duration
events, where a significant amount of water infiltrates. Analysis of plots from this
research work suggests that such models are effective in simulating single-storm
flood events lasting 10-15 hours or events where infiltrated water percolates into
deep groundwater flow without subsurface return flow.

For longer duration single-storm floods, the recession phase of the hydrograph is
not accurately simulated, and similarly, for multi-storm events, the tool fails to
capture flow dynamics between multiple storms. Although sensitivity analysis of
the GAR parameters in multi-storm events yielded expected results, none of the
HDRR models with CN or GAR infiltration methods could simulate this accur-
ately. This limitation is primarily due to the absence of a soil routine module
capable of accounting for delayed subsurface water contribution to the resulting
flow hydrographs. Future work should focus on incorporating a subsurface water
routine into HDRR models. Nonetheless, the results from the HDRRM compar-
ison study in Paper 3 can be used by engineers and researchers to select appropri-
ate models among the available hydrodynamic rainfall-runoff models, specifically
those tailored for steep catchments and river systems using the rain-on-grid tech-
nique.

The findings of this PhD work offer significant implications for flood risk manage-
ment, infrastructure planning, and risk and vulnerability analysis for flash floods.
The research serves as a valuable resource for contingency planners and crisis man-
agers by facilitating the identification of critical areas for people, buildings, and
infrastructure during floods. Furthermore, it offers an enhanced tool for regional
planners and infrastructure owners to conduct more thorough risk and vulnerab-
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ility analyses. Decision-makers can leverage these insights to formulate optimal
socioeconomic solutions for adapting to climate change scenarios. With an ex-
pected increase in flash floods due to short-duration, high-intensity precipitation
events, the models and methodology used in this work hold direct relevance in
future climate change impact assessments.

5.2 Recommendations for future work
In this doctoral study, a fully integrated hydrologic-hydraulic model using Rain-
on-Grid technique was tested in TELEMAC-2D and HEC-RAS 2D, using distrib-
uted precipitation as input. The main aim was to simulate the hydrology of flash
floods and their hydraulic consequences. Although the study successfully achieved
its objectives, recommendations for future work are outlined as follows:

• A significant drawback associated with using the RoG technique in the HDRR
models is the permanent loss of infiltrated water, which ideally should re-
main within the model as the subsurface flow and contribute to the overall
flow. This limitation can be overcome by incorporating a subsurface model
in conjunction with the existing infiltration model in the HDRR models.
This approach ensures that the infiltrated water is retained and effectively
contributes to the hydrodynamic processes.

• In this study, a separate hydrologic model, HBV, was used to calculate the
rainfall and snowmelt from the raw precipitation data, which partially devi-
ates from the objective of utilizing a fully integrated hydrologic-hydraulic
model. Incorporating a snow routine within the RoG- HDRR models could
reduce the overall processing time and avoid the necessity of a separate hy-
drologic model for its snow module and its calibration.

• It is recommended to compare the inundation maps obtained in this study
with observed inundation maps to further validate and verify the calculated
flooded area. Further research could also focus on collecting observed in-
undation data and validating models to improve the predictive capabilities
of flood inundation models in similar catchments.

• Further investigation is needed to understand the factors affecting CN val-
ues and their suitability for specific storms. This can involve analyzing the
influence of base flow and precipitation on antecedent moisture conditions
to improve model accuracy. Additionally, future research could investigate
an infiltration setup applicable to all flood events in a catchment and identify
a single parameter set specific to that catchment for forecasting purposes.
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• Manning’s roughness used in this study does not vary with water-depth.
Therefore, additional investigation is needed to determine the suitability of
the Manning’s equation and roughness values for the extremely shallow wa-
ter depths in HDRRM simulations.

• Hydrodynamic simulations tend to be highly time-consuming. Hence, it is
imperative to consider implementing automatic calibration for these models
to enhance time efficiency and to make the process less cumbersome. Addi-
tionally, an alternative approach could involve optimizing the hydrodynamic
models to be compatible with GPUs or high-power computers, thereby sig-
nificantly reducing simulation run-time.
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Abstract

The frequency of extreme events is increasing as the consequences of climate

change. In steep terrains, flash floods with high-flow velocities induce erosion

and sedimentation with potentially disastrous changes of flood path. Hence,

the analysis of flash floods in steep terrains in terms of inundation area and

flow-velocity to identify critical points becomes more important. The output of

a flood simulation with a traditional hydrologic model provides the flood

hydrograph which must be combined with a hydraulic model for downstream

consequences. In small and steep catchments, the inflow contribution from

every section of the water course can be important to determine where critical

conditions may arise. In this study, rain-on-grid technique in the hydraulic

model Telemac-2D is used to simulate flash-flood peaks with spatially distrib-

uted precipitation as input in a small and steep catchment in western Norway.

Seven events were simulated and sensitivity tests on parameters were con-

ducted. A 200-year design flood was simulated to show the potential conse-

quences in the catchment. The results show that calibrated models can

satisfactorily reproduce peak flows and produce relevant information about

water velocities and inundation which decision makers can use for mitigation

measures. The paper explores the benefits and limitations through a descrip-

tion of model construction, calibration, and test of sensitivities.

KEYWORD S

hydrological modelling, rainfall-runoff modeling, TELEMAC-2D, hydraulic modelling,
climate change adaption

1 | INTRODUCTION

The frequency and severity of extreme events are increas-
ing as the consequences of climate change (Costache
et al., 2022; Seneviratne et al., 2021). According to the
World Meteorological Organization (WMO, 2021), floods
are the third largest hazard in terms of human losses
(58,700 deaths) and second largest in terms of economic

losses (US$115 billion). Among all the flooding types,
flash floods are one of the most disastrous natural haz-
ards causing significant loss of life and economy through-
out the world and Europe (Adnan et al., 2019; Gaume
et al., 2009; Hu et al., 2018; Merz et al., 2021; Saharia
et al., 2017; Trigo et al., 2016; Zhai et al., 2021). Hence,
the analysis of flash floods is crucial to predict and pre-
vent their consequences. Such studies are also necessary
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for the development of decision support tools for efficient
flood mitigation works and for planning infrastructure
against flash flood damages, the design of hydraulic
structures (Kayan et al., 2021) and watershed manage-
ment. Flash floods are usually triggered by heavy rainfall
events in a short period or/and contribution from sudden
snow melt because of high temperature or/and rainfall
on the snow (Zhai et al., 2021). The catchment response
time is even shorter in small and steep mountainous
catchments (Bruland, 2020) as compared to the larger
and flatter catchments. Small catchments are frequently
affected by flash floods (Bryndal et al., 2017) specially
when the slope is also high (Costache et al., 2021). The
high precipitation intensity in such catchments leads to
extreme peak flows and high flow velocities (Jia
et al., 2018) sometimes causing landslides due to high
shear stresses (Moraru et al., 2021). Flash foods can lead
to erosion and sedimentation which can cause the river
channels to change its path (Roald, 2019). Hence, the
current study focuses on the flash flood analysis in small
and steep catchments.

The impact is enhanced by human activities such as
concretizing of the natural soil decreasing its water reten-
tion capacity, settlement in flood plains changing land
cover and land use (Boithias et al., 2017). Damages due
to flash floods are not only dependent on the rainfall
intensity and duration, catchment and water course prop-
erties also play a significant role (Merz et al., 2010).
Water velocities, erosion, and sedimentation can cause
severe problems which need to be addressed in areal and
infrastructure planning (Kreibich et al., 2009). Shand
et al. (2011) focuses on the safety of people and vehicles
in a floodplain. Their study shows that the product of
water velocities and water depth should be between 0.4
and 0.7 m2/s to keep pedestrians and vehicles safe,
respectively. Smith (1994) presents a relation between
critical velocity and depth for building failure. The Nor-
wegian Building Acts and Regulations (DiBK, 2017)
includes a paragraph saying that if the product of water
velocities and water depth exceeds 2 m2/s, the risk level
is higher compared to other areas. Hence, it is important
to analyze both the response of the catchment and the
river to understand floods and their consequences and
how to implement this in societal planning.

Most of the hydraulic models need to have a hydro-
graph from a hydrologic model as a boundary condition
to assess flood damages. Whereas most of the traditional
hydrologic models only give the hydrographs as an out-
put commonly at the outlet of the catchment, but do not
present the consequences of those peaks such as the
velocity, water depths, and shear stresses along the water
course. If hydrologic and hydraulic models can be inte-
grated in an efficient way, it can be the solution to assess

catchment response and hydraulic impacts and thereby
the consequences of floods. Many studies have loosely
coupled the models, also called the offline coupling
(Felder et al., 2017; Nguyen et al., 2016), in which the
output from the hydrologic model is used as the input to
the hydrodynamic model and set as a boundary condition
before the hydrodynamic model runs. Therefore, the
timely delivery of output from the hydrological model is
required to get the hydraulic models running and getting
the results in time. Moreover, the offline coupling
requires the separate calibration of two models which
makes it even more time-consuming (Li et al., 2021).
Also, there is the issue of where in the catchment this
input boundary condition should be set in the hydraulic
model. Sometimes due to many tributaries, more than
one boundary condition is required. In addition to this,
there is always some residual flow along the river from
the catchment or the water from small tributaries which
is difficult to estimate and add in the hydraulic model
calculations.

To overcome these challenges and to remove the has-
sle of offline-coupling of the two kinds of model, the
direct rainfall method (DRM), also referred as the rain-
on-grid (RoG) technique, is used. This technique allows
the user to apply the input rainfall directly on the grid
cells of a 2D hydraulic model (David & Schmalz, 2020;
Hall, 2015). Hall (2015) used RoG on a portion of a
185 km2 big flat catchment with a grid size of 20 m, and
for the rest of the catchment, a traditional hydrological
model was used to reduce the total computational time.
The study mentions some limitations of using the RoG
method, such as shallow flows in the catchment and the
Manning's roughness parameters being outside the range
of the model for these shallow flows, a strong need for
high quality DTM, grid size affecting the flood extent and
its magnitude, the flow paths and delayed hydrograph
response due to the artificially trapped water in the grids
and the high computational time. Zeiger and Hubbart
(2021) combined the hydraulic model HEC-RAS
(Brunner, 2016) to simulate RoG 2D hydrodynamics at a
catchment scale with the SWAT model (Arnold
et al., 1998) to get effective rainfall. The results showed
that the HEC-RAS model is able to produce realistic sim-
ulations of stage hydrograph response when calibrated
for each event and highlights the necessity for time-
varying friction coefficients to account for the antecedent
moisture conditions (AMCs). David and Schmalz (2020)
compared the traditional method of coupling hydrologi-
cal and hydrodynamic models with the RoG approach for
flood assessments in a 38 km2 catchment. They con-
cluded that the traditional approach produced a better
hydrograph, but the RoG approach gave more detailed
information in many aspects, such as the origin of the
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overland flow, its path, and the floodplain. The study also
showed that the RoG approach has much lower computa-
tional time than the traditional approach of offline cou-
pling of two separate hydrological and hydraulic models.
RoG technique has also been applied for analyzing the
use of urban streets and pathways as floodways to route
the flood water during extreme events (Skrede
et al., 2020). One of the limitations of this technique is
that it may not be feasible for a very large catchment
because of the high computational time of the hydrody-
namic simulations.

HEC-RAS has been presented with various RoG
implementations (David & Schmalz, 2021; Krvavica &
Rubini�c, 2020; Rangari et al., 2019; Zeiger &
Hubbart, 2021). In addition, there are several other
studies presenting models using RoG such as Flood-
Area (Tyrna et al., 2018), Infoworks ICM v.5.5 (Pina
et al., 2016), GUAD-2D (Cea & Rodriguez, 2016), P-
DWave (Leandro et al., 2016), FloodMap (Yu &
Coulthard, 2015), Sipson/UIM (Chen et al., 2010),
CCHE2D (Jia et al., 2018), MIKE Flood (Hall, 2015),
TUFLOW/SOBEK (Clark et al., 2008), TELEMAC-2D
(Ligier, 2016). In these studies, RoG has been applied
in a variety of catchments such as urban and rural
catchments of various sizes, spatial resolutions, and
the number of cells in the mesh for different purposes.
The studies have shown that RoG technique is able to
simulate the hydrology of the catchment to determine
the total volume of water as well as the propagation of
that water simulating the hydraulic features of the
river system which are important in the assessment of
the flash flood damages. Also, they show that this
technique has lower computational time as compared
to the traditional offline coupling of the two separate
hydrological and hydraulic models. There have been
many studies using integrated hydrologic-hydraulic
modeling in medium and large sized catchments
(Coulthard et al., 2013; Hankin et al., 2019; Li
et al., 2021; Saksena et al., 2019) and in urban areas
(Skrede et al., 2020; Zhu et al., 2016). However, pres-
ently there is a lack of studies using RoG approach for
simulating flash flood peaks in small and steep moun-
tainous catchments, as well as studies testing the limi-
tation of the method and the hydraulic modeling in
steep terrain and for operational purposes. There is a
clear need for a better understanding of such floods in
such topographies, their behavior and how to simulate
them to predict their consequence. This is important
for better climate adaptation to mitigate future events
like those seen in Utvik in Norway in 2017
(Bruland, 2020) and in Kvam, Norway in 2012 and
2013 (Aalstad et al., 2014) and in Ahr, Germany in
2021 (Fekete & Sandholz, 2021).

The objectives of this study are (1) to apply RoG tech-
nique in small and steep catchments for reproducing
high peak flows and analyze the response of such catch-
ments, and (2) to test and evaluate if the open-source
hydrodynamic model TELEMAC-2D can be efficiently
used for this purpose and to predict the following water
velocities and inundated areas. We show the suitability of
this model for fully integrated hydrologic-hydraulic
modeling in small mountainous catchments. It has the
advantages of both types of models and reduced simula-
tion time as compared to traditionally offline coupled
models. The TELEMAC-2D model is used to compute the
flood hydrograph and see the corresponding hydraulic
effects and a traditional rainfall-runoff model is used to
set the baseflow for the TELEMAC-2D simulations.

2 | MATERIALS AND METHODS

2.1 | Study area and input data

There have been many flash flood events in small and
steep catchments of Norway in recent years but most of
them are ungauged. The catchment chosen for this study
has a potential for extreme flash flood events and is one
of the few steep, small and gauged catchments in
Norway. The Sleddalen catchment located in Møre og
Romsdal county in western Norway (Figure 1). The
catchment has an elevation drop of 1379 to 77 m over a
catchment length of 4.7 km with a mean slope of 26�.
The area of the catchment is 10.5 km2. The land-cover in
the catchment is described in Table 1. Summer and win-
ter precipitation in the catchment is 879 and 1734 mm
respectively. The digital elevation model (DEM) for the
catchment was downloaded from the Norwegian map-
ping authority database (www.hoydedata.no) which is
based on a topographic LiDAR scan of the area with
10 m � 10 m resolution. Due to non-availability of any
nearby precipitation measurement station, precipitation
data was extracted from RadPro, a spatially distributed
precipitation dataset with 1 km � 1 km resolution based
on a merged product of precipitation radar data and
gridded precipitation point observations (Engeland
et al., 2018). The observed discharge data was down-
loaded from the database of Norwegian Water Resources
and Energy Directorate (www.nve.no) from the station
Sleddalen (Station ID: 97.5.0).

2.2 | Models used

Telemac-2D is originally a 2D hydrodynamic model solv-
ing shallow water equations. Later versions of
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TELEMAC-2D (v8p2) have an option to include a hydro-
logical module with RoG technique (Broich et al., 2019;
Ligier, 2016). Thus, TELEMAC-2D can simulate the com-
bined overland and river flow for flash floods. Because of
the hydraulic part of the model, it is possible to get the
hydrograph at any point at any time in the catchment
which is useful in determining where and when the situ-
ation will be critical along the water courses during
extreme events. The model enables to not only evaluate
the runoff from each part of the catchment to the river,
but also the velocities and shear stress causing erosion or
sedimentation combined with the water depths at any
part of the river and the catchment. This gives important
hydraulic information to evaluate the cause and conse-
quences of flood events such as those reported by Aalstad
et al. (2014), Bruland (2020), and Fekete and Sand-
holz (2021).

The RoG module uses the SCS-CN curve method for
runoff calculation (Equation 1). This method is also
known as the Natural Resources Conservation Service
(NRCS) CN Method developed by USA's Soil Conserva-
tion Services (USDA-SCS, 2004). The CN method was
developed to estimate the excess precipitation/direct run-
off using the storm rainfall depth. Hydrological processes
such as infiltration, groundwater recharge, and recession
are not considered in the RoG module in TELEMAC-2D.
Thus, the model cannot handle the soil and ground water
storage and the runoff can be used best only to simulate
the peaks of single storms. The relation between surface
runoff and infiltrated or “lost” water depends on a
dimensionless parameter, the curve number, which is
calculated from the hydrologic soil group, land use and
AMC in the catchment (USDA-SCS, 2004).

Q¼ P� λSð Þ2
PþS� λSð Þ when P≥ Ia and λ¼ Ia

S
,

Q¼ 0, when P< Ia

ð1Þ

where Q is the direct runoff depth, P is the event rainfall
depth, Ia is initial abstraction or event rainfall required
for the initiation of runoff, λ is the initial abstraction ratio
and S is a site storage index defined as the maximum pos-
sible difference between P and Q. The rainfall-runoff
modeling with SCS-CN method in TELEMAC-2D has
been previously used with point rainfall (Ata, 2017; Kelly
et al., 2018; Ligier, 2016) and spatially distributed rainfall
(Broich et al., 2019) with some enhancement in the model

FIGURE 1 Map of study area (left) and aerial photo indicating steepness of the catchment (right).

TABLE 1 Land cover-land use distribution in the catchment.

Description Area (km2) Area (%)

Bare rock and scarce vegetation 4.89 46.57

Forest 2.63 25.05

Open land 2.10 20.00

Swamp 0.38 3.62

Fully cultivated soil 0.34 3.24

Inland pasture 0.09 0.86

River water 0.04 0.38

Urban area 0.02 0.19

Roads 0.01 0.10
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code. In this study, spatially rainfall is implemented as
input directly over the grid cells in the entire catchment.
The main input data used for the simulation in
TELEMAC-2D are DEM, rainfall, bottom friction, and CN
value. Spatially distributed friction coefficients and CN
values are used for the current study (Table 2). They were
calibrated for each event. More than 90% of the catchment
is mainly covered by forest, open land, bare rock, and
scarce vegetation. Hence, the CN value for only these land
covers were calibrated (Table 3, grayed cells) and other
were kept constant when the distributed curve numbers
were used for the simulations. Since the calibration of
TELEMAC-2D is manual and computationally expensive,
we also simulated the same events using a single CN value
for the entire catchment to see if it can give satisfactory
results. Averaged values of CN were also used because the
required soil data were not available to calculate the dis-
tributed CN values in the catchment, which is the case in
many other similar catchments. The land cover data for
the catchment was downloaded from the database of Nor-
wegian Mapping Authority (www.kartverket.no). The
input files were prepared using Bluekenue software
(Barton, 2019). Blukenue (3.3.4) and QGIS (3.16) were
used for the post processing of the simulation result files
and generating the velocity and water depth graphs.

The default value of initial abstraction ratio (λ = 0.2)
was used inside the model. The mean and maximum
slopes in the catchment are 0.5 and 5.2 m/m. Since the
catchment is very steep, it was important to consider the
effect of steep slope. Hence, the correction for steep slope
was applied in TELEMAC-2D as per Equation 2 (Huang
et al., 2006). Inside the model, the CN value is adjusted

for the steep slope using the formula introduced by
Huang et al. (2006):

CN IIð Þα ¼CN IIð Þ 322:79þ15:63αð Þ
αþ323:52ð Þ , ð2Þ

where CN(II) is the CN value for normal antecedent
moisture condition (AMC II), α is the terrain slope in
m/m and varies from 0.14 to 1.4 m/m. The
CN(II) values can be raised by up to 6% for α = 1.4
(Ligier, 2016). As TELEMAC-2D does not return the
abstracted water to the system, the model is used only to
simulate single storm events in this study. For opera-
tional use in forecasting and planning, it is necessary to
combine the RoG simulation in TELEMAC-2D with
another model to get realistic hydrological conditions in
the catchment prior to flood events. For this purpose,
the rainfall-runoff model HBV (Bergström &
Forsman, 1973) was used for the design storm simula-
tion. The HBV model was calibrated to the observed dis-
charge for Sleddalen river using the precipitation data
from the gridded timeseries RadPro.

3 | RESULTS

A total of seven events from the year 2018 to 2021
representing a variety of situations where the quality of
precipitation data and runoff data was considered good,
were selected for this study (Figure 2). These were used
to calibrate the TELEMAC-2D model for different rain-
fall patterns, base flows and peak flows. The mesh size
used for each simulation was 5 m � 5 m for the river
up to 100 m � 100 m for the rest of the catchment. Spa-
tially distributed Manning's roughness coefficients and
CN values as well as one averaged CN value were used
in the catchment. The base flow for each case was set
up based on the observed flow. The initialization and
evolution of the simulated flood depends on antecedent
condition, baseflow, mesh size and roughness, and the
CN value. Due to the long computational time, an opti-
mization based on all these parameters was not
possible.

3.1 | Hydrodynamic rainfall-runoff
modeling in TELEMAC-2D

In the steering file of the TELEMAC-2D simulation,
AMC was set to 2 (normal conditions) only. Hence, the
CN values were not converted for the different anteced-
ent conditions. Since the 2D hydraulic models were not
originally developed for the hydrology of the catchment

TABLE 2 Manning's roughness coefficients for various areal

types in the catchment.

Areal type

Manning's
roughness
coefficient Sources

Urban area 0.1 Chow (1959)

Roads 0.02 Garrote et al. (2016)

Fully cultivated soil 0.04 Chow (1959)

Inland pasture 0.259 Van der Sande et al.
(2003)

Forest 0.2 Van der Sande et al.
(2003)

Open land 0.05 O'Brien and Garcia
(2009)

Swamp 0.2 Mtamba et al. (2015)

River water 0.04 Chow (1959)

Bare rock and scarce
vegetation

0.02 Garrote et al. (2016)
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and very shallow water depths, some parameters can be
more sensitive as compared to the case when the model
is used only for the hydraulics of the river which is the
original field of application of such models (David &
Schmalz, 2021). Hence, it is important to check the effect
of the model parameters before using the model. In this
study, effects of the following parameters were analyzed
from the simulation results: (a) CN value, (b) AMCs in
the catchment, (c) mesh resolution, and (d) roughness
coefficients.

3.2 | Sensitivity analysis

3.2.1 | Curve number

The sensitivity of various values of CN values from 30 to
100 were tested keeping the values of all the other parame-
ters constant. The values lower than 30 had a negligible
effect on the runoff volume, hence was not used to test the
sensitivity. The results showed that the runoff volume
(Figure 3a) is very sensitive to the CN value.

TABLE 3 Calibrated CN values for each event in Figure 2.

Description Area (%) Event 2A 2B 2C 2D 2E 2F 2G

Bare rock and scarce vegetation 46.57 91 87 90 90 97 96 95

Forest 25.05 86 78 74 83 93 92 89

Open land 20.00 83 78 79 81 93 90 88

Swamp 3.62 90 90 90 90 90 90 90

Fully cultivated soil 3.24 90 90 90 90 90 90 90

Inland pasture 0.86 89 89 89 89 89 89 89

River water 0.38 100 100 100 100 100 100 100

Urban area 0.19 89 89 89 89 89 89 89

Roads 0.10 91 91 91 91 91 91 91

FIGURE 2 Peak flows from rain-on grid simulations in TELEMAC-2D using distributed CN values (red) and using a single averaged

CN value (CNa) (green) compared to observed flow (black), and correlation and Nash Suthcliff model efficiency in case of distributed CN

values (R2
d, NSEd) and average CN values (R2

a, NSEa) corresponding to the seven events selected for the current study.
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3.2.2 | Antecedent moisture condition

There is a significant difference in the runoff volume for
the three classes of the AMCs (Figure 3b). The formula
used for converting CN values for normal AMC to CN
values for wet and dry AMC conditions was used as per
described by Chow et al. (1988) and Hjelmfelt (1991).

3.2.3 | Roughness

Roughness of the terrain influences the water retained in
the catchment and thus it has an influence on the output
flood hydrograph. To test the sensitivity to the roughness,
the model was tested for different roughness values based
on the land use types in the catchment from the litera-
ture. The results showed that when the roughness was
higher, more water remained in the domain hence less
water goes out through the measurement cross-section
leading to the reduced the peak of the hydrograph in the
hydrograph and vice-versa.

3.2.4 | Mesh resolution

To make the simulations faster, a coarser mesh was used in
the hill slopes than in the river. Various mesh sizes for the
river and the rest of the catchment were evaluated to check

its sensitivity (Table 4). The results showed that the mesh
size was an influential parameter for runoff volume. The
coarser the mesh resolution, the lower the runoff volume.

3.3 | Hydrologic modeling in HBV for
calculating base flow in TELEMAC-2D
simulations

The HBV model was established for Sleddalen catchment
and calibrated and run on hourly resolution with the
gridded RadPro precipitation data and temperature data
from Sleddalen station. The precipitation in each grid cell
within the catchment was averaged to the catchment alti-
tudes. The calibration was done for the period with avail-
able Radpro data for Sleddalen, September 2018 to

FIGURE 3 Simulated peak flows for the same event where only CN values are varied (a) and where only the antecedent moisture

conditions are varied (b).

TABLE 4 Applied mesh sizes along the river and for the

catchment.

Scenario
Mesh size in
river

Mesh size in the rest of the
catchment

1 3 m � 3 m 5 m � 5 m

2 5 m � 5 m 100 m � 100 m

3 5 m � 5 m 500 m � 500 m

4 10 m � 10 m 500 m � 500 m

Note: Scenario 2 (marked green) is used in the study.
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September 2021. The calibration gave a Nash-Suthcliff—
R2 of 0.70. For the validation period from 2013 to 2018,
Radpro data was not available and precipitation input
was taken from the Met Office's observations at Kroken,
Stryn in Norway about 20 km south-southeast of Sledda-
len. R2 for the validation period was 0.51 which is satis-
factory considering the less representative precipitation
data. As Figure 4 shows the model reproduced the base
flow quite well but under-predicted the peak flows, this
was the case both in the calibration and the validation
period. The inability to catch the peaks is most likely due
to higher precipitation intensities in reality than what
RadPro and observations shows. Considering the strong
topographical variation in the region and the poor den-
sity of precipitation observations, a R2 of 0.7 and even of
0.5 was satisfactory and since the purpose of the HBV
model in this study is to get a relevant base flow to initial-
ize TELEMAC-2D, the calibrated model is considered
suitable for the purpose.

3.4 | Design storm

The HBV model was also used to find the most critical
combination of design storms with different durations
and 200 year return period and the preceding conditions
to evaluate the dimensioning 200-year flood design flood
according to the national regulations (DiBK, 2017). A
200-year design precipitation was constructed for dura-
tions from 1 to 24 h using the intensity-duration-
frequency curves downloaded from the database of Nor-
wegian Center for Climate Services (NCCS) (klimaservi-
cesenter.no). Six design precipitation cases (60, 120,
180, 360, 720, and 1440 min duration) with total volumes
between 20 mm for 1 h and 147 mm for 24 h, were run
superimposed over observed data for the period from
2018 to 2021 and a 200-year flood event in this period
was found to be between 20 and 25 m3/s with the HBV
model when snow was not present. A duration of

between 12 and 24 h gave the highest discharges. The
effect of snowmelt was included by using max observed
daily average temperature for the simulated day com-
bined with a design precipitation. This combination gave
the highest peak flow up to 29 m3/s. As it is likely that
snowmelt can saturate the soils prior to an extreme rain
event but not necessarily contribute significantly to the
flood, the base flow from the HBV model and AMC prior
to this event were used to initialize the design flood simu-
lation in TELEMAC-2D.

The design storm was simulated in TELEMAC-2D
using the highest (CN = 94.25), the lowest (CN = 83.65)
and the CN value that gave the best fit for the highest
observed discharge in the calibration (CN = 88.6)
(Figure 5). The resulting hourly maximum discharges
ranged from 42 m3/s for the lowest CN to 46 m3/s for the
highest CN for 12-h duration and from 37 to 39 m3/s for
a 24-h duration. In both the cases, there is a significant
difference in the discharge prior to the peak. Higher infil-
tration at lower CN decreases the discharges in the early
stage of the event with between 7 and 10 m3/s. Figure 6

FIGURE 4 Precipitation and temperature input data to the HBV model (upper) and the resulting simulated runoff compared to

observed for Sleddalen catchment (lower).

FIGURE 5 200-year design storm runoff from a 12-h design

precipitation with a high (94.25), the best fit (88.6), and a low

(83.65) curve number (CN) from the calibration to selected events.
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shows the velocity, water depth and the product of depth
and velocity in the region of the catchment with the high-
est damage and consequence potential for the 200-year
design storm based on CN = 88.6. The highest velocity is
2.54 m/s, the deepest area is 1.77 m deep and the depth-
velocity product is up to 11.32 m2/s.

4 | DISCUSSION

In this study, we used TELEMAC-2D to simulate flood
discharges in a small and steep catchment in Norway.
The model was calibrated on seven observed floods and
were found to give good results. The results show how
the model provides both the peak flood and information
relevant for estimation of its consequences in and along
the river like flooded areas and critical water velocity.
The hydrodynamic model also simulates the residual
flow along the river which is usually difficult to estimate
in the traditional way of offline coupling of the two sepa-
rate hydrologic and hydrodynamic models. The current
study shows the development of source areas and facili-
tates the user to extract the runoff hydrograph at any
point in the catchment at any time-step unlike the tradi-
tional hydrologic model or hydrodynamic model with
one source input.

4.1 | Curve number

The calibration results indicate that the CN increases
with decreasing flood size in contradiction to what could
be expected (Hjelmfelt, 1991). This can be explained by
an increasing CN reducing the simulated infiltration and
compensating for the lack of subsurface discharge of
infiltrated water to the river. At higher discharges, this
compensation is less important as in reality a relatively

smaller portion of the discharge originates from infil-
trated water. This also influences the simulation of the
recession limb (e.g., Figure 2d,h) and the duration and
total volume of water in the floods. In turn, this can lead
to underestimation of consequences caused by longer
duration and higher volumes such as increased erosion
and sedimentation volumes, more severe inundation and
potential shifts of river course. As the purpose in this
study is to investigate and demonstrate the use of RoG to
extract important hydraulic properties of floods in a
water course related to the peak discharges, the simula-
tion of the recession is considered less important.

The CN method is a widely used method mainly
because of its simplicity and because it is based on one
parameter. There have been developed many tables in
National Engineering Handbook (Section-4) (NEH-4)
(USDA-SCS, 2004) for determining CN value for various
hydrologic soil groups, land use land covers, and AMCs.
Due to limited knowledge about soil covers in the catch-
ment, only one value of CN for the entire catchment was
used at first to capture the flow peaks, and because the
tabulated CN values have been shown to be inadequate
to get the correct runoff volume in many cases (Mishra &
Singh, 2006), CN values were calibrated in this study.
Nevertheless, there are a wide range of soil covers in the
catchment ranging from deep soils to mountainous areas
with non or very shallow soil covers, and a more realistic
runoff from the catchment is likely if a good relation
between these soil covers, CN value and antecedent soil
moisture conditions were found and applied. Since this is
a small catchment, we were able to calibrate the model
using distributed CN values in a reasonable time. This
would not be possible in a large catchment because of
high computational time.

Another problem with the traditional formula by
Chow et al. (1988) and Hjelmfelt (1991) is that there is a
sudden jump in the CN while converting it from one

FIGURE 6 Water depth (a) deeper than 0.1 m and velocities (b) higher than 0.25 m/s, and the product of depth and velocity (c) higher

than critical levels for pedestrians (0.4 m2/s), vehicles (0.7 m2/s), and buildings (2 m2/s) for the design storm with 200-year return period.
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AMC level to another. Mishra and Singh (2006) showed
that the exiting criteria of calculating AMC from the
cumulative rainfall of the previous 5 days is unrealistic.
Some studies have suggested the previous 15 days
(Hope & Schulze, 1982) and previous 30 days
(Schulze, 1982) of antecedent cumulative rainfall for
humid areas and previous 5 days cumulative rainfall in
case of arid areas. There was a need for individual cali-
bration for each event because each event had different
antecedent rainfall events with different intensities, dura-
tion, and distribution. Hence, the CN was calibrated for
each event in this study, as also done by Zeiger and Hub-
bart (2021) in their study. The test of sensitivity shows
that the CN and AMC are very critical factors influencing
the runoff volume but there was no clear relationship
found between the CN and the cumulative rainfall of pre-
vious 5-day, base flow or the flow peak in the current
study. To investigate this significantly more simulations
for more events should be done, but due to the long sim-
ulation time this was not conducted in this study. How-
ever, in further investigation, the factors which affect the
CN value and how to choose a CN value for a particular
storm including the impact of base flow and precipitation
on the AMC should be studied.

4.2 | Design storm

A 200-year flood was simulated to demonstrate a prac-
tical use of the coupling between a continuous hydro-
logical model and RoG in TELEMAC-2D. As AMC and
initial base flow are highly important for the simulated
peak flow in TELEMAC-2D and since this cannot be
simulated realistically by the RoG implementation in
TELEMAC-2D, it is necessary to combine TELEMAC-
2D with a calibrated hydrological model that provides
realistic initial conditions for operational use and to
estimate design flood properties. For this purpose, the
HBV model was used. The duration giving the highest
peak flow was found to be between 12 and 24 h and
with total precipitation volumes of 107 and 147 mm
respectively.

The HBV model gave an hourly peak discharge of
29 m3/s while the TELEMAC-2D model with the same
initial conditions gave a peak discharge up to 47 m3/s.
Compared to the observations, the HBV model underesti-
mated the peak discharges while TELEMAC-2D simu-
lated a value closer to the peak discharges. There is a
difference of up to 10% between the peak flows simulated
by the different CN. Even though this is within the
uncertainty for flood peak calculations, the calibration
indicates that a lower CN gives a better fit at higher flows
and thus in these situations a lower CN is probably more

realistic than the highest. The combination between the
HBV-model and TELEMAC-2D increases the simulation
efficiency and gives more reliable results. A closer cou-
pling between these models would allow for continuous
hydrological and hydraulic simulation that have the
advantage of integrating antecedent ground and moisture
conditions to the flood event (Tsegaw et al., 2020).

4.3 | Roughness

In the current study, distributed values of roughness are
used in the catchment. Based on initial values from
Chow (1959), the manning numbers can be adjusted to
get a better fit of the peaks similar to several previous
studies (Garrote et al., 2016; Kalyanapu et al., 2009;
Mtamba et al., 2015; Shen et al., 2017; van der Sande
et al., 2003). But by doing this, the friction values can
possibly become too high for some of the events at shal-
low water depths (Hall, 2015). It can cause a significant
portion of water to get trapped in the domain and even
increased CN values will not compensate for this.

4.4 | Mesh resolution

The result of the analysis shows that the mesh resolution
can also control the outflow volume. The coarser the
mesh resolution, the lower the runoff volume. The use of
finer mesh resolution made the simulations computation-
ally more expensive. High performance multi-core super
computers can decrease the time for computationally
expensive hydrodynamic simulations, but TELEMAC-2D
is not compatible for GPU yet, hence, it can only be run
on one CPU. The benefit of using coarser mesh was that
the computational time was decreased many-fold. But
there are some limitations of using a coarser mesh. The
flow generated from the rainfall migrates downstream by
solving the shallow water equations in the hydrodynamic
model. Here, the water depths are too shallow on the flat
and large cells of 100 m � 100 m before this water joins a
stream. The manning's friction coefficient is often too
large for these shallow water depths that water at these
depths get trapped in the roughness and thus affect the
actual water-flow propagation time. Neither does a
course grid represent the true geometry of the catchment,
and this might also cause more water to stay in the
domain showing lower peaks as compared to simulations
where finer mesh is used. This needs to be considered
while planning the model. The results show that the
mesh resolution is one of the controlling factors for out-
flow volume. These results are in coherence with the
results from the study by Clark et al. (2008) where it was
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shown that the model results were very sensitive to the
changes in grid-sizes.

4.5 | Equifinality

During the calibration process of the events, it was found
that different combinations of the Manning's friction
coefficient and CN gave equally acceptable results as well
as the different combinations of the spatially distributed
CN values. This phenomenon, called equifinality, is
addressed by Beven (2012). High initial moisture condi-
tions (high AMC) which hydrologically should give high
discharge can be compensated with a high infiltration
(low CN) reducing the runoff to get a good fit. This effect
is probably the explanation for the calibration giving
lower CN at higher observed runoff. Similarly, the rough-
ness influences retention of water in the catchment and
too high roughness can be compensated with unrealisti-
cally high CN. An improved and more physically correct
hydrological module including soil moisture variability
and subsurface outflow in TELEMAC-2D could possibly
reduce the challenging equifinality in this case. Also, a
Monte Carlo optimization including all the parameters
could give a more physically correct model. Due to the
long simulation time this was not achievable in this
study.

Despite the limitations mentioned above, the proce-
dure used in the paper still serves the purpose of simulat-
ing the hydrology of such a steep catchment to determine
the volume of water as well as the propagation of that
water simulating the hydraulic features of the river sys-
tem which are important in the assessment of the flash
flood damages. Similar study has not been done yet as
per our knowledge in such a small and steep catchment
having an average slope of 26�. RoG model like demon-
strated here, gives realistic inflow to any point along the
water course and will be a more realistic approach for
identifying critical locations where a flood has high
potential for creating local or downstream damages as
compared to a traditional hydraulic or hydrological
model alone. It also provides water velocities and depth
along the water courses, in tributaries and in the inun-
dated areas at any time in addition to the discharges. This
feature makes it a suitable tool for assessing the erosion
and sedimentation during a flood and related challenges
(Moraru et al., 2021) and thus, the combined effect of
water depth and velocities as addressed in the national
regulation act (DiBK, 2017), by Kreibich et al. (2009) and
by Shand et al. (2011).

The results can be used by planners and decision
makers for optimizing mitigation measures and to get
correct dimensioning criteria for infrastructure and areal

planning. The results can also be helpful for contingency
people to be better prepared beforehand the extreme
events with better and more precise flood forecasting
including the scenarios for local consequences and poten-
tial mitigation measures to reduce the damages during
the event.

5 | CONCLUSION

This study focuses on an approach to reproduce the flash
flood peaks in small and steep mountainous catchments
together with representing the consequences of the flash
flood in the entire catchment in terms of water depths
and high velocities. This is important knowledge in areal
and infrastructure planning processes, for optimizing
mitigation measures and for adapting to the climate
changes. TELEMAC-2D model is used in the current
study as an integrated hydrologic-hydrodynamic toolbox.
The rainfall was directly applied as input over the entire
catchment which is called DRM or RoG technique. A
total of seven events caused by rainfall of different char-
acteristics were reproduced for the high flows during the
summers of the years 2018 to 2021. The results show a
good correlation between the observed and simulated
flood peaks with correlation coefficient (R2) ranging from
0.97 to 0.87. Combined with the HBV-model, it is shown
that TELEMAC-2D can be an efficient tool for estimating
realistic design floods and their corresponding water
depths and velocities along the water course, in the tribu-
taries and in the entire catchment. Such results will pro-
vide a tool for contingency planner and crisis
management for identification of critical locations for
people, buildings and infrastructure during a flood, a bet-
ter tool for areal planners and infrastructure owners in
their risk and vulnerability analysis and for decision
makers to identify the optimal socio-economic solution
in the societal adaptation to climate change scenarios.
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Abstract: Due to the changing climate, flash floods have been increasing recently and are expected
to further increase in the future. Flash floods caused by heavy rainfall with snowmelt contribution
due to sudden rises in temperature or rain-on-snow events have become common in autumn and
winter in Norway. These events have caused widespread damage, closure of roads and bridges, and
landslides, leading to evacuations in the affected areas. Hence, it is important to analyze such events.
In this study, the rain-on-grid technique in the TELEMAC-2D hydrodynamic model was used for
runoff modelling and routing using input of snowmelt, and precipitation partitioned on snow and
rain was calculated via the hydrological model HBV. The results show the importance of including
snowmelt for distributed runoff generation and how the rain-on-grid technique enables extracting
flow hydrographs anywhere in the catchment. It is also possible to extract the flow velocities and
water depth at each time step, revealing the critical locations in the catchment in terms of flooding
and shear stresses. The rain-on-grid model works particularly well for single peak events, but the
results indicate the need for a time-varying curve number for multiple peak flood events or the
implementation of another infiltration model.

Keywords: hydrology; extreme events; small and steep catchments; snowmelt; hydraulic modelling

1. Introduction

Flood events, which generally happen within a time of less than 6 h [1], are categorized
as flash floods. Due to warming climates, flash floods have become more frequent and
severe over the last few years, and following the climate scenarios, this trend is expected to
increase in the future [2–4]. Flash floods lead to river erosion [5] because of high stream
power and shear stresses and the deposition of sediments [6] in downstream reach. The
unusually heavy rainfall and flash flood events can also lead to debris flow [7], debris
slides, and landslide events in the wet season. Moreover, snowmelt at higher altitudes
infiltrating the ground can lead to landslides, especially along small and steep rivers [8].
Both the hindcast and forecast of the occurrence and consequences of such flood events
are challenging and become more difficult in complex topography with complex temporal
and spatial characteristics of precipitation. Rain-on-snow events lead to an additional
effect, including snowmelt, resulting from an energy balance, which is a challenge to model
in itself.

Rain-on-snow (RoS) events are complex processes on and within a snowpack be-
cause of the combined effect of rainfall and snowmelt on snow-covered ground [9]. At
higher latitudes and altitudes, snow cover and RoS events can be expected throughout the
year [10]. Such events have caused several widespread floods in central and northeastern
Europe [11,12], Germany [13], and Switzerland [12]. The importance of snow cover in
the winter season and its melting for flash floods in Europe is also documented by Uhle-
mann et al. [14] and Gvoždíková and Müller [15]. Furthermore, there have been cases of
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floods triggered by just RoS events in many other countries such as in several regions of
the USA [16–18] and Canada [19]. These examples show how disastrous the increasing
temperatures and combined rain and snowmelt floods can be [20]. There is a potential for
even higher temperatures, more intense snowmelt and an increase in RoS events in coming
years [21], and this development is more pronounced at higher latitudes [22,23], leading to
more frequent and severe floods, snow avalanches [24,25], and landslides [26,27]. Hence, it
is important to analyze these combined rain and snowmelt-induced flash floods.

Usually, large RoS floods occur at the end of the winter season when the rivers already
have high flows prior to snowmelt or in the early winter season caused by alternating
snowfalls, heat spells, snowmelt, and rainfall events [28]. In the latter conditions, even
moderate rainfall events on a relatively thin but evenly distributed snow layer can cause
large flash floods. Sui and Koehler (2001) investigated the characteristics of the runoff
generated via such events in various catchments in forest regions of Southern Germany.
Their study concludes that the extreme peak flow values were higher in the winter season
because of the snowmelt contributions, even though the average and extreme daily rainfalls
in the winter were less than the rainfalls in summer. The spatial and seasonal variability
of RoS events is also altitude dependent. A study by Surfleet and Tullos [29] indicated
a decreasing frequency of high-flow RoS in low and middle altitudes while increasing
frequency at higher altitudes due to increasing temperatures in the future. According to
Blöschl et al. [30], RoS events produce larger floods than expected, but when, how, and
why these events produce exceptional runoffs is still one of the main unsolved problems
in hydrology.

Snowmelt is a slow runoff-generating process, and a snow cover can dampen the
effect of rainfall; thus, RoS flood events can be expected to have a different propagation of
flash floods than the flash floods occurring due to torrential rain alone [24]. Li et al. [31]
quantified the runoff contribution of RoS into extreme floods using the VIC hydrologic
model for simulating a snow water equivalent (SWE) and calculated the runoff over the
entire catchment. In their study, the catchment was divided into five elevation bands
and 12 vegetation tiles. To the best of our knowledge, there are no investigations on the
combined effect of hydrology and hydraulics on the causes and consequences of flash flood
events resulting from rainfall with significant contribution of snowmelt, particularly in
steep catchments.

A traditional hydrologic model typically generates a hydrograph at the outlet of the
catchment, and it gives no information about the hydraulic characteristics such as river
routing, water velocities and water depths. In contrast, a hydraulic model provides infor-
mation on these hydraulic characteristics but relies on input from a hydrologic model for
boundary conditions. Rain-on-grid (RoG) implementations in hydraulic models [32,33]
combine hydrologic and hydraulic modelling to route the runoff through the entire catch-
ment. Thus, rather than defining boundary conditions to add inflow to the river system
as in a traditional hydraulic model, RoG models enable the simulation of the discharge
and hydraulics in any tributary in addition to their inflow contribution to the main river.
Furthermore, this property of RoG models adds valuable information to the analysis of
critical locations in the river system where water velocities, depth, and sediment load can
cause serious consequences. However, this technique lacks hydrological processes like
snowmelt, soil, and groundwater storage, and thus, it is dependent on correct initial condi-
tions and snowmelt input. Therefore, the snowmelt contribution to the flash floods needs
to be estimated and added to the rainfall before using a rain-on-grid hydrodynamic model.

Many Norwegian counties have suffered considerable damage to the infrastructure
such as roads and houses from flash floods in small and steep water courses [34]. Hence,
the study area chosen for this research work is a small and steep catchment, which has
the potential for disastrous flash floods. In this study, we consider catchments smaller
than 50 km2 with rivers steeper than 2–3% as small and steep catchments. The objective
of the current study is to model high peak flows caused by RoS events, where substantial
snowmelt plays a significant role in flood generation. Therefore, we combine the output
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from the snow routine in a hydrologic model with a rain-on-grid implementation in an
HDRRM module of a hydrodynamic model. The primary goal of this integration is to
facilitate an in-depth analysis of the outcomes of flash flood events triggered by RoS events
and subsequently utilize the findings to identify critical locations within the catchment
concerning flooding and the extent of damage following a flash flood event. To achieve this,
we have incorporated the snow routine from the hydrologic model HBV [35] and integrated
it with the rain-on-grid HDRRM module from the TELEMAC-2D model (v8p2) [36].

2. Materials and Methods
2.1. Study Area and Input Data

A small and steep catchment, Sleddalen, in Møre og Romsdal county in western
Norway, was selected for this study (Figure 1). The catchment is 10.5 km2, with altitudes
ranging from 77 to 1379 masl and an average slope of 0.5 m/m. Half of the catchment
is covered by bare rock and scarce vegetation, while the other half is mainly covered
by forest and open land. The catchment has snow-covered mountains for most of the
year except for a few weeks in late summer. Digital terrain model (DTM) with a spatial
resolution of 0.5 m × 0.5 m was downloaded from the Norwegian mapping authority
database (hoydedata.no).
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Figure 1. Location of the study area in Norway along with the catchment slope in degrees (left) and
a picture showing the steepness, vegetation cover and the discharge and temperature measurement
stations in the area (right).

Seven peak flow events (A to G in Figure 2) from 2018 to 2022, all caused by rainfall
with RoS events, were selected for the current study. Distributed precipitation data with
1 km × 1 km spatial and 1 hour temporal resolution was extracted for the catchment from
the RadPro dataset from the Norwegian meteorological departments (https://www.met.
no/en/projects/radpro, last accessed on 20 October 2023). RadPro is a merged product
of gridded point observations and radar precipitation data [37]. Measured discharge data
with 15 min temporal resolution and air temperature data with hourly resolution were
downloaded for the Sleddalen measurement station (ID: 97.5.0) from Norwegian Water
Resources and Energy Directorate (NVE) database available at ‘sildre.nve.no’ (Figure 2).
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Figure 2. Time series with hourly temporal resolution from November 2018 to March 2022 showing
observed discharge, precipitation, temperature, the seven single peak events (A to G), and two longer
flood events with multiple peaks (H and I) selected for this study.

2.2. Methods and the Combination of Snow Routine with Integrated Hydrologic–Hydraulic Model

In a catchment with high altitude ranges, precipitation can occur both as rain and snow
in the same timestep at different altitudes, but the snowfall does not contribute to runoff
before the snow melts. The Radpro precipitation dataset does not distinguish between rain
and snow. Therefore, we used HBV snow routine [35] to compute the snowmelt. The snow
routine (Figure 3) calculates precipitation type and the snowmelt based on the precipitation
and temperature dataset. The HBV model divides the catchment into ten equally sized
elevation zones and calculates air temperature and amount and type of precipitation in each
zone depending on the temperature gradients, precipitation gradients, and the threshold
temperature (Tx) for snowfall [38]. The model keeps track of the accumulated snow storage
in each of the elevation zones and calculates snowmelt (Equation (1)) when the temperature
at the respective elevation bands is higher than the threshold for snowmelt (Ts). The
snowmelt is calculated with an intensity depending on the degree day factor (Cx) and air
temperature (Ta) above a snowmelt threshold temperature.

M = Cx(Ta − Ts) (1)

where M is the snowmelt given in mm/h, Cx is the degree day factor in mm/h ◦C, Ta is the
air temperature in ◦C, and Ts is the threshold temperature for snowmelt in ◦C. Parameters
Tx and Cx are calibrated for each event. The observed temperature and precipitation are
adjusted to each elevation zone according to the lapse rate for temperature (dry or wet
adiabatic) and precipitation (Figure 3e). Snowfall occurs at temperatures below a snowfall
threshold temperature (Figure 3a,e). Lapse rates, threshold temperatures, and the degree-
day factor are calibrated to fit discharge from simulated snowmelt events to observed and
simulated snow storage to actual snow storage (exhausted at the end of summer). The
snow routine also accounts for accumulation of liquid water in the snow and, thus, the
delayed rain and snowmelt–water output from the snowpack [39].



Water 2023, 15, 3945 5 of 14

Water 2023, 15, x FOR PEER REVIEW 5 of 16 
 

 

simulated snow storage to actual snow storage (exhausted at the end of summer). The 
snow routine also accounts for accumulation of liquid water in the snow and, thus, the 
delayed rain and snowmelt–water output from the snowpack [39].  

 
Figure 3. Snow routine in the HBV model with (a) hourly precipitation input in the form of rain and 
snow defined by (e) the temperature and precipitation gradients, threshold values and intensities 
from (b) the RadPro grid cells (also showing the elevation zones), (c) resulting accumulated new 
and old snow and snowmelt, (d) Hypsographic curve of the catchment with the ten elevation zones. 

The model was run on hourly resolution with precipitation calculated to the elevation 
zone from the 1 km × 1 km spatially distributed RadPro precipitation data (Figure 3b) and 
locally observed temperature data from the Sleddalen station. The HBV model was cali-
brated for a three-year period (2018–2021) to evaluate the overall performance, but since 
the purpose of this study was to evaluate the effect of snow melt in a RoG model, a cali-
bration was also performed for each of the specific events used in this case to obtain the 
snowmelt as precise as possible. Better calibration of the snow routine in HBV ensures the 
correct precipitation input to the HDRRM. The snowmelt values and the liquid precipita-
tion for each timestep and elevation zone were extracted from the HBV snow routine and 
averaged into each grid cell in the HDRRM module of TELEMAC-2D model [36]. The flow 
chart for this methodology is shown below in Figure 4. 

Figure 3. Snow routine in the HBV model with (a) hourly precipitation input in the form of rain and
snow defined by (e) the temperature and precipitation gradients, threshold values and intensities
from (b) the RadPro grid cells (also showing the elevation zones), (c) resulting accumulated new and
old snow and snowmelt, (d) Hypsographic curve of the catchment with the ten elevation zones.

The model was run on hourly resolution with precipitation calculated to the elevation
zone from the 1 km × 1 km spatially distributed RadPro precipitation data (Figure 3b)
and locally observed temperature data from the Sleddalen station. The HBV model was
calibrated for a three-year period (2018–2021) to evaluate the overall performance, but
since the purpose of this study was to evaluate the effect of snow melt in a RoG model, a
calibration was also performed for each of the specific events used in this case to obtain the
snowmelt as precise as possible. Better calibration of the snow routine in HBV ensures the
correct precipitation input to the HDRRM. The snowmelt values and the liquid precipitation
for each timestep and elevation zone were extracted from the HBV snow routine and
averaged into each grid cell in the HDRRM module of TELEMAC-2D model [36]. The flow
chart for this methodology is shown below in Figure 4.

TELEMAC-2D is used as an integrated hydrological–hydraulic model (aka HDRRM)
in this study. It is originally a hydrodynamic model that focuses on two-dimensional
depth-averaged free surface water flows and relies on the Saint Venant equation. This
software (v8p2) is designed to simulate free-surface dynamics within a two-dimensional
horizontal spatial framework. At each node or point within the computational grid, T2D
computes parameters such as water depth and two velocity components. A finite element
mesh is incorporated to enhance the precision in representing details like rivers, embank-
ments, and roads. Additionally, there is a parallel version available, enabling the model
to operate efficiently on multi-processor computers. The model’s calculation sub-routines
are scripted in Fortran-90 and Python. Users have the flexibility to customize the code
to suit their specific needs. The source code of T2D model is customized in this study
to use spatially distributed precipitation as input from a previous study [40]. The main
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inputs required are DTM, roughness values, and boundary conditions such as water flow
or water surface elevation. The code in T2D model simultaneously solves the following
hydrodynamic equations:

(a) Continuity equation:

∂h
∂t

+ u·∇(h) + hdiv(u) = Sh

(b) Momentum equation along x:

∂u
∂t

+ u·∇(u) = −g
∂Z
∂x

+ Sx +
1
h

div(h vt∇u)

(c) Momentum equation along y:

∂v
∂t

+ u·∇(v) = −g
∂Z
∂y

+ Sy +
1
h

div(h vt∇v)

where the equations are given here in Cartesian coordinates;
h (m) = water depth;
u, v (m/s) = velocity components;
g (m/s2) = gravity acceleration;
vt (m2/s) = momentum coefficient;
Z (m) = free surface elevation;
t (s) = time;
x, y (m) = horizontal space coordinates;
Sh (m/s) = source or sink of fluid;
h, u, and v are the unknowns.
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The model also has a supplement to include a spatially distributed rainfall-runoff
module making it a hydrodynamic rainfall–runoff model (HDRRM) [41]. The curve num-
ber (CN) method is used for infiltration modelling in TELEMAC-2D. This method was
developed by the USDA Natural Resources Conservation Services (NRCS) in 1950s [42]
for predicting direct runoff. CN is a dimensionless empirical parameter based on the land
use, soil cover, and antecedent moisture and hydrological conditions in the catchment. The
following equation is used to calculate the direct runoff depth:

Q =
(P− λS)2

(P + S− λS)
when P ≥ Ia and λ =

Ia

S
, Q = 0, when P < Ia (2)

where Q is the direct runoff depth in mm, P is the event precipitation depth in mm, λ is
the initial abstraction ratio in percentage, S in mm is the potential maximum retention,
and Ia in mm is initial abstraction used as 20% of the potential maximum retention in the
current study.

Based on findings from a previous study by Godara et al. [40] using TELEMAC-2D
on the same catchment, parameters such as the antecedent moisture conditions (AMC),
roughness, and mesh size were kept constant, and the model was calibrated only for CN
values. The calibration results from that study showed that courser the mesh size, drier the
catchment, and higher the roughness, the lower the runoff volume and vice versa. Since
the CN value is a calibration parameter here, these values change for each event and are,
therefore, different from the calibrated values for another set of events in the previous
study by Godara et al. [40]. As most of the catchment is covered by forests, open land, bare
rock, and scarce vegetation, spatially distributed CN values were calibrated manually only
for these land covers (marked green in Table 1) whereas same CN values are used for the
other land-covers (marked yellow in Table 1) for the seven peak flow events (events A to G
in Figure 2).

Table 1. Calibrated CN values corresponding to the seven events A to G (in Figure 2) along with their
date and time of occurrence.

Description Area (%)

Event A
[20

January
2020

(10:00)-
44 hours]

Event B
[13

October
2021

(16:00)-
45 hours]

Event C
[28

March
2019

(17:00)-
33 hours]

Event D
[31

December
2018

(04:00)-
44 hours]

Event E
[24

January
2020

(23:00)-
25 hours]

Event F
[2

January
2020

(12.00)-
23 hours]

Event G
[7

January
2020

(14:00)-
24 hours]

Bare rock and scarce vegetation 46.57 50 84 64 72 80 72 74
Forest 25.05 45 73 61 68 74 68 71
Open land 20.00 43 70 59 65 72 65 69
Swamp 3.62 90
Fully cultivated soil 3.24 90
Inland pasture 0.86 89
River water 0.38 100
Urban Area 0.19 89
Roads 0.10 91

Manning’s roughness values were calculated based on land use data from the Geonorge
map catalogue, which were calibrated in a previous study for the same catchment [40] and
used directly in this study.

AMC can be classified into three categories based on soil moisture levels: dry (I),
normal (II), and wet (III). As there was no information available on the moisture level of the
soil prior to the events, and since the CN values were not adjusted for the different moisture
conditions in the catchment, we used AMC values corresponding to normal moisture
conditions in this study. In addition, a correction of CN for the steep slope was applied for
all these simulations. The base flow for each event was set based on the measured discharge.
A 5 m by 5 m triangular mesh was used for the river and surrounding areas, while a 100 m
by 100 m mesh was used for the rest of the catchment. The input file preparation such as
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roughness, rainfall, mesh generation, CN values over the mesh, and the post-processing
of TELEMAC-2D results were carried out using python, QGIS (3.16), and Blukenue (3.3.4)
software [43].

3. Results
3.1. HBV

The overall calibration of the HBV model for the period September 2018 to September
2021 gave a Nash–Sutcliffe efficiency (NSE) of 0.70, whereas for the specific events (A to I)
used in this study, the NSE values were 0.94, 0.94, 0.91, 0.71, 0.86, 0.93, 0.62, 0.95, and 0.96,
respectively for HBV simulations.

3.2. TELEMAC-2D

The results from TELEMAC-2D simulations corresponding to the seven peak flow
events (A to G) produced via combined liquid precipitation and snowmelt are shown in
Figure 5. The solid precipitation (snow), which does not contribute to the runoff during the
event, is also shown in the same figure. Nash–Sutcliffe efficiency (NSE) for these events
ranged from 0.55 to 0.91, and Pearson correlation coefficient (R2) values ranged from 0.86
to 0.97, as shown in Figure 5.
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Figure 5. Simulated discharge from TELEMAC-2D, observed discharge, liquid (rain) and solid (snow)
precipitation and snowmelt, temperature (upper) corresponding to the seven single peak events
(A–G) selected for this study.

Figure 6a compares the results from a case-specific calibrated HBV model and TELEMAC-
2D for the same event, as shown in Figure 5B. The HBV model accurately simulates the
event with an NSE of 0.94, but TELEMAC-2D is not able to reproduce the first part of the
flood as accurately with an NSE of 0.74. However, both models perform well in capturing
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the magnitude and timing of the peak flow. For the events in Figure 6, the catchment was
calibrated with a single averaged value of CN (CNavg) to test if it gives equally satisfactory
results if no soil data are available for catchment [40].
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single peak event B in Figure 2. (b) Simulated flow from TELEMAC-2D for CN = 70 (red) (R2 = 0.93)
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In Figure 6c, the first simulation is run with a CNavg of 41. It captured the first peak
but overestimated the second peak since the CN 41 becomes too high as the catchment
grows more saturated. So, to capture the second peak, another simulation was run with a
lower CN value using the output from the first simulation as the initial condition (known
as a hotstart file) keeping all the other parameters the same.

Figure 6b,c show that the HBV model can simulate rain-on-snow events with longer
durations and multiple peaks (NSE > 0.95), while TELEMAC-2D is not able to capture
the entire events. In Figure 6b, the hydrograph from TELEMAC with a CN value of
100 (grey) represents the flow without infiltration, while the hydrograph with a CNavg of
70 satisfactorily reproduces the first peak but fails to capture the last. In Figure 6c, a CNavg
of 41 in TELEMAC-2D accurately simulates the first peak, but a higher average infiltration
rate is needed to simulate the last peak (CNavg = 37.5). However, it was not possible to
accurately simulate the high sustained discharge throughout the event, regardless of the
choice of curve number.

Figure 7 shows the maximum water depth and velocity results in the entire catchment
for the event shown in Figure 5A with a peak discharge of 14.55 m3/s from RoG HDRRM
modelling. The figure also shows that the river network generated via the model is similar
to the digitized river network from the Norwegian Water Administration database in
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Figure 7a. Maximum water velocities are 3.21 m/s, which may cause erosion, leading
to serious sedimentation problems in the lower regions where the water depths are up
to 1.86 m. The figure shows also that even with a 100 by 100 m grid cell size, the RoG
model captures the river network and flow paths quite well compared to the digitized river
network from the Norwegian Water Administration database.
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4. Discussion

This study analyses flash flood events caused by RoS events in small and steep snow-
covered mountainous catchments using the RoG version of TELEMAC-2D combined
with snowmelt calculation from the HBV model. The resulting RoG simulations for the
investigated events indicate that the approach used in this study satisfactorily reproduces
single peak flows, the inflow sources, and tributaries. However, as the hydraulic model
is not calibrated towards observed water depths due to a lack of such information, the
simulated water velocities and water depth are only indicative. Flood data from past flood
events should be used for calibration and verifying the application of this technique in
future studies. Nevertheless, the results of the current study provide crucial information
for flood protection at any point along the river system in the catchment (Figure 7). High
water levels and velocity locations are identified using the current technique, which is
important information for contingency planners. Critical locations and risk levels in the
catchment can be determined using the product of water depths and water velocity in
terms of pedestrian, vehicle, and building safety [44–46].

An NSE of 0.70 for the period from 2018 to 2022 indicates that the HBV model is
also able to reproduce the floods for Sleddalen. An average NSE for the seven events of
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0.84 in HBV compared to 0.71 for the RoG in TELEMAC-2D shows that the HBV model
demonstrates a more accurate reproduction of the flood events in this study. However,
the HBV model does not provide information on velocities, flooded areas, and water
depths and is, therefore, not a sufficient tool for flood mitigation or preparedness. This is,
nevertheless, an indication of a better hydrological approach in the HBV model than in the
RoG TELEMAC-2D.

The good fit between the observed runoff and HBV-simulated runoff for the selected
events shows that the calculated snowmelt for these events is a reliable input to the RoG
model. In addition, the results, when combined with the rain from the RadPro data, show
that the RadPro data represent true precipitation satisfactorily. The RoG model worked
well for single peak events, whereas it did not give satisfactory results in the case of longer
flood events with multiple peaks. In complex mountainous areas such as in western
Norway, it is difficult to capture the correct spatial distribution of the precipitation either
by gauge stations, radar datasets, or high-resolution interpolated data sets because the
pattern is strongly influenced by the complex terrain [47]. Hence, the model results are
subject to uncertainty due to the input data. However, the good fit achieved via the HBV
model indicates that the input is probably not the cause of the poor simulation via RoG in
TELEMAC-2D for events lasting over longer periods. It is also important to mention that
the results from the hydrologic and hydraulic models are subjected to various uncertainties
in the models themselves [48] and in the input data such as precipitation, digital elevation
model, bathymetry of the river, and roughness [49].

The calibration results of TELEMAC-2D for CN values show decreasing CN values
and thus a higher infiltration as the rainfall depth increases, which is a contradiction to
an expected higher saturation and less infiltration during longer events [50]. However,
this finding is coherent with the results from the study by Krvavica and Rubinić [51].
A possible explanation for this is that since RoG TELEMAC-2D does not simulate the
subsurface drainage of infiltrated water, which, in nature, comes back to the river system,
TELEMAC-2D compensates by a higher surface runoff using low infiltration capacity (high
CN). For a longer duration flood, a low infiltration (high CN) gives a good fit in the initial
stage but gives too high discharge at later stages. Vice versa, a high infiltration rate used
to fit the model to a later peak in a longer flood event gives too low discharge in the early
stage. This can explain why the first small peak in Figure 6a is not correctly reproduced via
TELEMAC-2D, but the later peak flows are well captured via the TELEMAC-2D as well
as HBV. Since the HBV model includes soil storage and runoff from infiltrated water, it
performs better for longer events and events with multiple rain peaks as the case in the
event in Figure 6b,c. For the same reasons, it better handles the increase in the discharge
in situations with saturated conditions prior to the event and also the recession part of
the flow as illustrated in the event in Figure 6a. However, in contrast to the HBV model,
TELEMAC-2D with RoG technique gives the hydraulic conditions, such as water levels,
velocities, and inundated areas along the watercourses in the catchment. As TELEMAC-2D,
in contradiction to the HBV model, does not include water storages, the infiltered water
will not return and contribute as subsurface drainage to the base flow in a later stage of the
flood. Another consequence of this, which is apparent in all the cases, is a steeper recession
limb compared to the observed.

Similarly, in Figure 6b, TELEMAC-2D is not able to maintain a high discharge during
the entire event because even after the catchment is completely saturated, the continuing
abstractions kept occurring based on the CN value selected. A solution to this can be a
time-varying CN value in a single simulation, as illustrated in Figure 6c. A simulation with
an average CN value of 41, which captured the first peak, was combined with a simulation
with a lower CN to capture the last peak. Here, only two CN values were used, but this
indicates that a continuous transition of curve numbers from high to low during the event
can possibly enable RoG TELEMAC-2D to reconstruct the longer, multi-peaked floods. The
CN value is used as a calibration parameter in this study, and the results are sensitive to
the CN values in determining the runoff volume [40]. Each flood event from the same
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catchment needs to be calibrated against a CN value. Therefore, further investigation
is necessary to better understand the factors influencing CN values and to develop a
methodology for selecting an appropriate CN value for specific storm events. A sensitivity
analysis in the previous study [40] has shown that CN values and antecedent moisture
conditions (AMCs) in the catchment are very crucial factors that influence the output runoff
volume. Nevertheless, the analysis did not reveal any distinct correlation between CN and
cumulative rainfall over the preceding five days, base flow, or the flow peak. Since CN is a
calibration parameter in this study, the proposed integrated HDRRM model cannot be used
as a forecasting model but can be used satisfactorily for the identification and post-analysis
of the consequences of flood events. In order to employ this approach as a predictive model,
the variability of the CN values among various events needs to be further investigated.
The varying CN value is an issue here, and further work is needed to understand why CN
value varies for each event. However, the multiple CN values calibrated for each flood
event can be utilized to conduct an ensemble analysis of outputs for predictive analysis.

Since the CN method is a lumped conceptual approach that was originally developed
for single storm events [52], the results for the sustained flow events align with what could
be expected. However, it is important to examine the consequences of such events. A
solution to satisfactorily simulate multi-peak flood events can either be to include variable
CN values in RoG T2D or implement another hydrological model allowing for storage and
subsurface drainage back to the river system as in the HBV model. Such a combination can
also be used to integrate the snowmelt and rain with hydraulic simulations in rain-on-grid
models as demonstrated in this study.

5. Conclusions

The main objective of this study was to examine the effects of the snowmelt contri-
bution in flash flood events and to see how snowmelt calculations can be combined with
the rain-on-grid method in an HDRRM model. Since a snowmelt routine is not available
in the HDRRM T2D model, an external snowmelt algorithm from the HBV model was
used and integrated with the rain-on-grid technique in the TELEMAC-2D model. This
study’s purpose and objectives have been successfully fulfilled as evidenced by generated
flood maps and depth and velocity maps. Significantly, this study demonstrated that
these analyses could be executed without using the conventional methodology of using a
separate hydrological model for discharge computation, followed by its use as input in a
hydraulic routing model. The implementation of a soil and snow storage routine in the
RoG hydraulic models would give a valuable contribution to flash flood mitigation and
contingency work because such a combination gives both the hydrology and the hydraulics
in the river and catchment in a continuous operational simulation model.

Author Contributions: Conceptualization, N.G., O.B. and K.A.; methodology, N.G., O.B. and K.A.;
software, N.G.; validation, N.G.; formal analysis, N.G.; investigation: N.G. and resources, N.G., O.B.
and K.A.; data curation, N.G.; writing—original draft preparation, N.G.; writing—review and editing,
N.G. and O.B.; visualization, N.G. and O.B.; supervision, O.B. and K.A.; project administration, O.B.;
funding acquisition, O.B. All authors have read and agreed to the published version of the manuscript.

Funding: This publication is part of the World of Wild Waters (WoWW) project number 949203100,
which falls under the umbrella of the Norwegian University of Science and Technology (NTNU)’s
Digital Transformation initiative.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, N.G., upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of this study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.



Water 2023, 15, 3945 13 of 14

References
1. Sweeney, T.L. Modernized Areal Flash Flood Guidance. NOAA Technical Memorandum NWS HYDRO. 1992. Available online:

https://repository.library.noaa.gov/view/noaa/13498 (accessed on 20 October 2023).
2. Zhang, Y.; Wang, Y.; Chen, Y.; Xu, Y.; Zhang, G.; Lin, Q.; Luo, R. Projection of changes in flash flood occurrence under climate

change at tourist attractions. J. Hydrol. 2021, 595, 126039. [CrossRef]
3. Zhang, Y.; Wang, Y.; Chen, Y.; Liang, F.; Liu, H. Assessment of future flash flood inundations in coastal regions under climate

change scenarios—A case study of Hadahe River basin in northeastern China. Sci. Total Environ. 2019, 693, 133550. [CrossRef]
[PubMed]

4. Modrick, T.M.; Georgakakos, K.P. The character and causes of flash flood occurrence changes in mountainous small basins of
Southern California under projected climatic change. J. Hydrol. Reg. Stud. 2015, 3, 312–336. [CrossRef]

5. Swanston, D.N. Slope Stability Problems Associated with Timber Harvesting in Mountainous Regions of the Western United States; Pacific
Northwest Research Station, US Department of Agriculture, Forest Service: Washington, DC, USA, 1974.

6. Johnson, J.P.L.; Whipple, K.X.; Sklar, L.S. Contrasting bedrock incision rates from snowmelt and flash floods in the Henry
Mountains, Utah. Geol. Soc. Am. Bull. 2010, 122, 1600–1615. [CrossRef]

7. Sandersen, F.; Bakkehøi, S.; Hestnes, E.; Lied, K. The influence of meteorological factors on the initiation of debris flows, rockfalls,
rockslides and rockmass stability. Publ.-Nor. Geotek. Inst. 1997, 201, 97–114.

8. Heyerdahl, H.; Høydal, Ø.A. Geomorphology and Susceptibility to Rainfall Triggered Landslides in Gudbrandsdalen Valley,
Norway. Adv. Cult. Living Landslides 2017, 4, 267–279. [CrossRef]

9. Pall, P.; Tallaksen, L.M.; Stordal, F. A climatology of rain-on-snow events for Norway. J. Clim. 2019, 32, 6995–7016. [CrossRef]
10. Hansen, B.B.; Isaksen, K.; Benestad, R.E.; Kohler, J.; Pedersen, Å.Ø.; Loe, L.E.; Coulson, S.J.; Larsen, J.O.; Varpe, Ø. Warmer and

wetter winters: Characteristics and implications of an extreme weather event in the High Arctic. Environ. Res. Lett. 2014, 9, 114021.
[CrossRef]

11. Krug, A.; Primo, C.; Fischer, S.; Schumann, A.; Ahrens, B. On the temporal variability of widespread rain-on-snow floods. Meteorol.
Z. 2020, 29, 147–163. [CrossRef]

12. Schmocker-Fackel, P.; Naef, F. Changes in flood frequencies in Switzerland since 1500. Hydrol. Earth Syst. Sci. 2010, 14, 1581–1594.
[CrossRef]

13. Sui, J.; Koehler, G. Rain-on-snow induced flood events in southern Germany. J. Hydrol. 2001, 252, 205–220. [CrossRef]
14. Uhlemann, S.; Thieken, A.H.; Merz, B. A consistent set of trans-basin floods in Germany between 1952–2002. Hydrol. Earth Syst.

Sci. 2010, 14, 1277–1295. [CrossRef]
15. Gvoždíková, B.; Müller, M. Evaluation of extensive floods in western/central Europe. Hydrol. Earth Syst. Sci. 2017, 21, 3715–3725.

[CrossRef]
16. Musselman, K.N.; Lehner, F.; Ikeda, K.; Clark, M.P.; Prein, A.F.; Liu, C.; Barlage, M.; Rasmussen, R. Projected increases and shifts

in rain-on-snow flood risk over western North America. Nat. Clim. Chang. 2018, 8, 808–812. [CrossRef]
17. Marks, D.; Kimball, J.; Tingey, D.; Link, T. The sensitivity of snowmelt processes to climate conditions and forest cover during

rain-on-snow: A case study of the 1996 Pacific Northwest flood. Hydrol. Process. 1998, 12, 1569–1587. [CrossRef]
18. McCabe, G.J.; Clark, M.P.; Hay, L.E. Rain-on-snow events in the western United States. Bull. Am. Meteorol. Soc. 2007, 88, 319–328.

[CrossRef]
19. Pomeroy, J.W.; Fang, X.; Marks, D.G. The cold rain-on-snow event of June 2013 in the Canadian Rockies—Characteristics and

diagnosis. Hydrol. Process. 2016, 30, 2899–2914. [CrossRef]
20. Kattelmann, R. Flooding from rain-on-snow events in the Sierra Nevada. IAHS-AISH Publ. 1997, 239, 59–65.
21. Seneviratne, S.I.; Zhang, X.; Adnan, M.; Badi, W.; Dereczynski, C.; Di Luca, A.; Ghosh, S.; Iskandar, I.; Kossin, J.; Ewitson, B.; et al.

IPCC—Climate Change 2021: The Physical Science Basis; Chapter 11: Weather and Climate Extreme Events in a Changing Climate;
Cambridge University Press: Cambridge, UK; New York, NY, USA, 2021; p. 1610. [CrossRef]

22. Førland, E.J.; Skaugen, T.E.; Benestad, R.E.; Hanssen-Bauer, I.; Tveito, O.E. Variations in thermal growing, heating, and freezing
indices in the Nordic Arctic, 1900–2050. Arct. Antarct. Alp. Res. 2004, 36, 347–356. [CrossRef]

23. Rantanen, M.; Karpechko, A.Y.; Lipponen, A.; Nordling, K.; Hyvärinen, O.; Ruosteenoja, K.; Vihma, T.; Laaksonen, A. The Arctic
has warmed nearly four times faster than the globe since 1979. Commun. Earth Environ. 2022, 3, 168. [CrossRef]

24. Singh, P.; Spitzbart, G.; Hübl, H.; Weinmeister, H. Hydrological response of snowpack under rain-on-snow events: A field study.
J. Hydrol. 1997, 202, 1–20. [CrossRef]

25. Sati, V.P. Glacier bursts-triggered debris flow and flash flood in Rishi and Dhauli Ganga valleys: A study on its causes and
consequences. Nat. Hazards Res. 2022, 2, 33–40. [CrossRef]

26. Roald, L.A. Floods in Norway. In Changes in Flood Risk in Europe; CRC Press: Boca Raton, FL, USA, 2019.
27. Yang, Z.; Yuan, X.; Liu, C.; Nie, R.; Liu, T.; Dai, X.; Ma, L.; Tang, M.; Xu, Y.; Lu, H. Meta-Analysis and Visualization of the

Literature on Early Identification of Flash Floods. Remote Sens. 2022, 14, 3313. [CrossRef]
28. Merz, R.; Blöschl, G. A process typology of regional floods. Water Resour. Res. 2003, 39, 1340. [CrossRef]
29. Surfleet, C.G.; Tullos, D. Variability in effect of climate change on rain-on-snow peak flow events in a temperate climate. J. Hydrol.

2013, 479, 24–34. [CrossRef]



Water 2023, 15, 3945 14 of 14

30. Blöschl, G.; Bierkens, M.F.P.; Chambel, A.; Cudennec, C.; Destouni, G.; Fiori, A.; Kirchner, J.W.; McDonnell, J.J.; Savenije, H.H.G.;
Sivapalan, M.; et al. Twenty-three unsolved problems in hydrology (UPH)–a community perspective. Hydrol. Sci. J. 2019, 64,
1141–1158. [CrossRef]

31. Li, D.; Lettenmaier, D.P.; Margulis, S.A.; Andreadis, K. The Role of Rain-on-Snow in Flooding Over the Conterminous United
States. Water Resour. Res. 2019, 55, 8492–8513. [CrossRef]

32. Costabile, P.; Costanzo, C.; Ferraro, D.; Barca, P. Is HEC-RAS 2D accurate enough for storm-event hazard assessment? Lessons
learnt from a benchmarking study based on rain-on-grid modelling. J. Hydrol. 2021, 603, 126962. [CrossRef]

33. David, A.; Schmalz, B. A systematic analysis of the interaction between rain-on-grid-simulations and spatial resolution in 2d
hydrodynamic modeling. Water 2021, 13, 2346. [CrossRef]

34. Norwegian Directorate for Civil Protection (DSB). Analyses of Crisis Scenarios 2019; DSB Skien: Porsgrunn, Norway, 2019;
pp. 1–228. Available online: https://www.dsb.no/rapporter-og-evalueringer/analyses-of-crisis-scenarios-2019/ (accessed on
20 October 2023).

35. Bergström, S.; Forsman, A. Development of a conceptual deterministic rainfall-runoff model. Nord. Hydrol. 1973, 4, 240–253.
[CrossRef]

36. Ligier, P. Implementation of a rainfall-runoff model in TELEMAC-2D. In Proceedings of the XXIIIrd TELEMAC-MASCARET
User Conference 2016, Paris, France, 11–13 October 2016.

37. Engeland, K.; Abdella, S.Y.; Azad, R.; Arrturi Elo, C.; Lussana, C.; Tadege Mengistu, Z.; Nipen, T.; Randriamampianina, R. Use of
precipitation radar for improving estimates and forecasts of precipitation estimates and streamflow. In Proceedings of the 20th
EGU General Assembly, EGU2018, Vienna, Austria, 4–13 April 2018; 2018; p. 12207.

38. Killingtveit, A.; Sælthun, N.R. Hydropower Development: Hydrology; NTNU: Trondheim, Norge, 1995.
39. Bruland, O. Snow processes, modeling, and impact. In Precipitation; Elsevier Inc.: Amsterdam, The Netherlands, 2021; pp. 107–143.

[CrossRef]
40. Godara, N.; Bruland, O.; Alfredsen, K. Simulation of flash flood peaks in a small and steep catchment using rain-on-grid technique.

J. Flood Risk Manag. 2023, 16, e12898. [CrossRef]
41. Broich, K.; Pflugbeil, T.; Disse, M.; Nguyen, H. Using TELEMAC-2D for Hydrodynamic Modeling of Rainfall-Runoff. In

Proceedings of the 26th TELEMAC-MASCARET User Conference, Toulouse, France, 15–17 October 2019.
42. The ASCE/EWRI Curve Number Hydrology Task Committee. Curve Number Hydrology; Hawkins, R.H., Ward, T.J., Woodward,

D.E., Van Mullem, J.A., Eds.; American Society of Civil Engineers: Reston, VA, USA, 2008; ISBN 9780784410042.
43. Barton, A.J. Blue Kenue Enhancements from 2014 to 2019. In Proceedings of the 26th TELEMAC-MASCARET User Conference,

Toulouse, France, 15–17 October 2019. [CrossRef]
44. Shand, T.; Smith, G.; Cox, R.; Blacka, M. Development of Appropriate Criteria for the Safety and Stability of Persons and Vehicles

in Floods. In Proceedings of the 34th World Congress of the International Association for Hydro—Environment Research and
Engineering: 33rd Hydrology and Water Resources Symposium and 10th Conference on Hydraulics in Water Engineering,
Brisbane, Australia, 26 June–1 July 2011; p. 9.

45. Direktoratet for Byggkvalitet. Veiledning om Tekniske Krav Til Byggverk; TEK17. 2017. Available online: http://www.jurpc.de/
jurpc/show?id=20140073 (accessed on 20 September 2023).

46. Skrede, T.I.; Muthanna, T.M.; Alfredesen, K. Applicability of urban streets as temporary open floodways. Hydrol. Res. 2020, 51,
621–634. [CrossRef]

47. Li, L.; Pontoppidan, M.; Sobolowski, S.; Senatore, A. The impact of initial conditions on convection-permitting simulations of a
flood event over complex mountainous terrain. Hydrol. Earth Syst. Sci. 2020, 24, 771–791. [CrossRef]

48. McMillan, H.K.; Westerberg, I.K.; Krueger, T. Hydrological data uncertainty and its implications. WIREs Water 2018, 5, e1319.
[CrossRef]

49. Annis, A.; Nardi, F.; Volpi, E.; Fiori, A. Quantifying the relative impact of hydrological and hydraulic modelling parameterizations
on uncertainty of inundation maps. Hydrol. Sci. J. 2020, 65, 507–523. [CrossRef]

50. Hjelmfelt, A.T. Investigation of Curve Number Procedure. J. Hydraul. Eng. 1991, 117, 725–737. [CrossRef]
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hydrodynamic models for their 
rain-on-grid technique to 
simulate flash floods in steep 
catchment
Nitesh Godara *, Oddbjørn Bruland  and Knut Alfredsen 

Department of Civil and Environmental Engineering, Norwegian University of Science and Technology 
(NTNU), Trondheim, Norway

In this study, two hydrodynamic models, TELEMAC-2D and HEC-RAS 2D, were 
compared for their Rain-on-Grid (RoG) technique with a particular focus on 
runoff generation processes in a small and steep catchment. Curve number (CN) 
method was applied in both the models to simulate two single storm events up 
to 20  h of duration, whereas the Green-Ampt Redistribution (GAR) method was 
additionally applied in HEC-RAS 2D for a multi-peak flood event with sustained 
flow between the peaks. CN and GAR methods were compared for this flood 
event, and a sensitivity analysis of the GAR parameters was also done. Moreover, 
the two models were compared for their calibration process, computational 
time, mesh size and shape, and model availability, in general, as well as the 
results including inundated areas, water depth, and velocity. The results indicate 
that both the models are capable of reproducing short duration single storm 
floods. NSE and R2 for both models ranged from 0.70 to 0.90 and from 0.93 to 
0.95. However, the models struggled to reproduce the long- duration multi-
peak flood event. The sensitivity analysis showed that the results are not very 
sensitive to the two GAR parameters which are responsible to influence the flow 
of the second peak in the flood event. Neither the CN nor the GAR infiltration 
method successfully replicated such events because the hydraulic models 
permanently lose infiltrated water from the domain. The returned sub-surface 
flow significantly contributes to river flow during these flood events; however, 
none of the model incorporates a return flow algorithm.

KEYWORDS

small catchments, TELEMAC-2D, HEC-RAS 2D, rainfall-runoff modeling, HDRRM, 
hydrology, hydraulics

1 Introduction

Frequency of extreme rainfall events has been increasing in recent years leading to extreme 
floods. The frequency and magnitude of such events are likely to increase in the future because 
of global warming and changing climate (Seneviratne et al., 2021), urbanization, land use, and 
infrastructure development (Feng et al., 2021). When there is a sudden, violent rise in water 
level and high peak flows within less than 6 h, it is referred as a flash flood (Sweeney, 1992; 
Marchi et al., 2010; Kishore and Rishi, 2014; Zhang et al., 2019). Floods of this nature can occur 
due to factors such as extreme precipitation and temperatures, rain-on-snow events, snowmelt, 
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glacial lake outbursts (Jha and Khare, 2016), volcanic eruptions 
(Basso-Báez et al., 2020), or dam breaks.

The adverse environmental impacts of flash floods can include soil 
erosion, riverbank and bed erosion (Swanston, 1974), and debris flow 
(Borga et al., 2014) and may lead to sedimentation and river overflow 
(Johnson et al., 2010) and even landslides (Lin et al., 2021). Floodwater 
can also harm vegetation, whereas pollutants transported by it may 
adversely affect water quality, habitats, and flora and fauna. A case 
study by Vázquez Conde et al. (2001) describes that huge amount of 
fine and coarse sediments was transported by flash flood in Mexico. 
These sediments not only reduced the discharge capacity of the river 
but also contributed to the rise of the water level and eventually killed 
more than 800 people. Flash floods have been one of the most 
damaging natural hazards throughout the world (Maatar et al., 2015) 
in terms of loss of lives, property, and environmental damage (Liu 
et al., 2022). Furthermore, flash floods have contributed to 40% of the 
total casualties in Europe from 1950 to 2006 (Barredo, 2007). Thus, it 
is crucial to analyze flash flood events and the consequences in an 
efficient way using the hydrologic and hydraulic characteristics of 
such events.

Flash floods in small and steep mountainous catchments can 
be particularly dangerous as they lead to a rapid rise in discharge 
and water velocities (Bruland, 2020; Moraru et al., 2021). Complex 
topography and meteorological complexity in such catchments 
make it even more difficult to model flash floods (Li et al., 2020; 
Maqtan et al., 2022). Usually, flood scenarios are modeled using 
hydrological and hydraulic models separately. Hydrological 
models are used to calculate the discharge (hydrograph) at a point 
in the catchment, whereas the hydrodynamic models are used to 
simulate the hydraulic characteristics with given inflows to the 
water course. Such characteristics include flow velocity, water 
depth, submerged area, shear stress, erosion, and sedimentation. 
An output hydrograph from a hydrological model or an observed 
hydrograph is usually used as input or boundary condition to the 
hydrodynamic model. The two types of models can be integrated 
manually, but that is a laborious process due to the need for 
separate calibration and running simulations in the two models. 
Additionally, both establishing the boundary conditions and 
determining their placement along the water course in the 
hydrodynamic model can be  challenging. Thus, the boundary 
condition is usually not set for small tributaries, resulting in 
inaccurate discharge predictions along the main river. Hence, to 
address these issues, this study has used a Rain-on-Grid technique 
implementation in hydrodynamic models (HDRRM- 
Hydrodynamic Rainfall-Runoff Models). This technique defines 
the river network in the catchment and provides the inflow to any 
point along the rivers and streams.

The Rain-on-Grid (RoG) technique or the direct rainfall method 
(DRM) is a method in which precipitation is used directly as input 
over the grid cells in a hydrodynamic model. This method integrates 
both hydrological and hydrodynamic calculations within a single 
model, eliminating the need for manual integration of the two model 
types. Thus, in contrast to traditional 1D/2D hydraulic modeling, the 
inflow to the water courses is fed continuously along the rivers and the 
tributaries rather than through defined boundaries. Even though 
hydrodynamic routing between all grid cells across the entire 
catchment is computationally more demanding than restricting it to 
grid cells within the water course, it was observed to be more efficient 

compared with the offline coupling of the two model types (Rangari 
et al., 2019; David and Schmalz, 2021; Zeiger and Hubbart, 2021).

In this study, we compare the performance of two hydrodynamic 
models, TELEMAC-2D (Ligier, 2016) and HEC-RAS 2D (Brunner, 
2002) for their Rain-on-Grid (RoG) technique in a steep catchment to 
find out their limitations and strengths. RoG implementation in 
TELEMAC-2D (T2D hereafter) has been tested before to model flash 
floods in a steep and small snow-covered catchment (Godara et al., 
2023b), and it was found that the model was able to reproduce single 
storm flood events but struggled to reproduce all peaks in a sustained 
flow event with multiple peaks. Therefore, the first objective of this 
study is to check if HEC-RAS 2D (HR2D hereafter) can achieve 
equally good results as T2D for simulating single storm flood events. 
The second objective of this comparison is to check if HR2D is able to 
reproduce long duration of flood events better than T2D. A particular 
focus for the second objective has been on how they handle the 
hydrology, i.e., infiltration and generation of rainfall excess and the 
long duration of multi-storm events. T2D uses the Curve-Number 
(CN) method to determine the infiltration rate and the remaining 
portion of the rainfall from each cell goes to runoff (Ligier, 2016). 
HEC-RAS 2D (HR2D hereafter) has three optional methods for 
calculating the infiltration: Deficit and Constant Loss method, CN 
method, and Green-Ampt Redistribution (GAR) method (Brunner, 
2020), where CN and GAR are the two methods used in this study. 
Moreover, the two models are compared for their calibration process, 
computational time, mesh size and shape, and model availability, in 
general, as well as the inundated areas, water depths, and velocity of 
water after a rainfall event. The current study is one of the first to 
compare these two hydrodynamic models for their rain-on-grid 
rainfall-runoff modeling.

2 Materials and methods

2.1 Study area and input data

The Sleddalen catchment in Møre og Romsdal county in western 
Norway was selected for this study. This catchment is selected because 
it is steep and has the potential of disastrous flash floods and a 
discharge measurement station. It is a steep mountainous catchment 
with an area of 10.5 km2 and average slope of 0.5 m/m with highest and 
lowest elevations at 1,379 and 77 m, respectively. The catchment is 
mostly covered by open land, forest, bare rock, and scarce vegetation, 
as shown in Figure 1 (generated using QGIS version 3.34).

The input data used for this study are digital terrain model 
(DTM), observed discharge, and temperature and precipitation data. 
DTM data with a resolution of 0.5 m by 0.5 m were downloaded from 
the Norwegian mapping authority database.1 The observed discharge 
data with 15 min of resolution and temperature data with 1 h of 
resolution were taken from the measurement station (Sleddalen 
station ID: 97.5.0) inside the catchment, as shown in Figure  1. 
Precipitation data with 1 km by 1 km spatially distribution and 1 h 
temporal resolution were extracted from the RadPro dataset which is 
a merged product of gridded precipitation point observations and 

1  www.hoydedata.no
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precipitation radar data (Engeland et al., 2018). Land use–land cover 
data were downloaded from Geonorge2 which is a Norwegian national 
website for maps and other geographical information in Norway. Two 
high flow events up to 20 h of duration induced by single storm rainfall 
events and one longer duration event with sustained flow between the 
storms induced by a multi-storm rain-on-snow event were selected 
for this study.

2.2 Models and methods

2.2.1 Model concepts, availability, installation, 
and input file preparation

In this study, two hydraulic models, T2D and HR2D, are used for 
the hydrodynamic rainfall-runoff modeling (HDRRM). These models 
have an option to use the precipitation data directly as input to the 
model grid cells also called the rain-on-grid (RoG) technique (David 
and Schmalz, 2021). Both the models are based on solving the Shallow 
Water Equations (SWE), which are derived from the Navier–Stokes 
equations. T2D is a freely available and open-source model. The users 
can change and implement new methods themselves in the source 
code of this model. On the other hand, HR2D is freely available but 
not open source. RoG was recently introduced in HR2D (Zeiger and 

2  www.geonorge.no

Hubbart, 2021; Hariri et al., 2022) and it has a graphical user interface 
(GUI) which makes its use and installation easier than T2D. For the 
same reason, preparation of the input files is also less time-consuming 
for HR2D. RAS-mapper alone was used for pre- and post-processing 
and visualization of the results, whereas in T2D, various software and 
programs such as Bluekenue, QGIS, R, and Python were used.

2.2.2 TELEMAC-2D
T2D calculates water depth and the components of velocity in two 

dimensions of horizontal space using a computational mesh of 
triangular elements (Figure  2). Various numerical methods are 
available in T2D for solving shallow water equations such as the finite-
volume and finite-element method (Sarker, 2022), but finite-volume 
is utilized in this study. T2D can work on up to eight parallel core 
processers in a CPU computer. T2D version v8p2 was used in this 
research study. Main input files required are the boundary condition 
file (*cli), precipitation file (*.slf), simulation file (CAS file), and 
geometry file (*.slf) containing information about watershed 
characteristics, grid cells, Manning’s roughness, and CN values. 
Python and R were used for preprocessing and converting the 
precipitation file from netCDF file into a SELAFIN (*.slf) file. 
Bluekenue (Barton, 2019) was used for preparing the other input files. 
PostTelemac plugin in QGIS (3.34) was used for visualization of T2D 
results, creating inundation maps. Mesh size varies from a maximum 
of 100 meter triangle edges in the drainage area to a refined grid down 
to 5 meter edge in the vicinity of the river network and 3 meter edge 
inside the river downstream of the measurement stations. Steep slope 

FIGURE 1

Study area showing steepness and land cover-land use information with the percentage of each type, maximum and minimum elevation levels in the 
catchment, and the location of discharge and temperature measurement stations. Small figure in bottom left shows the DTM of the area with contour 
lines at 10  m vertical distance along with a digitized river network from the Norwegian Water Administration database.



Godara et al.� 10.3389/frwa.2024.1384205

Frontiers in Water 04 frontiersin.org

correction for CN values was applied in the T2D simulations 
considering the mountainous catchment. The code in T2D model 
simultaneously solves the following hydrodynamic equations:

	(a)	 Continuity equation:

	

¶
¶
+ ( ) + ( ) =h
t
u h hdiv u Sh.Ñ

	
(1)

	(b)	 Momentum equation along x:

	
¶
¶
+ Ñ( ) = - ¶

¶
+ + Ñ( )u

t
u u g Z

x
S

h
div h v ux t·

1

	
(2)

	(c)	 Momentum equation along y:
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where the equations are given here in Cartesian coordinates, and
h (m) = water depth;
u , v (m/s) = velocity components;
g  (m/s2) = gravity acceleration;
vt (m2/s) = momentum coefficient;
Z  (m) = free surface elevation;
t  (s) = time;
x , y (m) = horizontal space coordinates;
Sh  (m/s) = source or sink of fluid; and
h, u , and v are the unknowns

2.2.3 HEC-RAS 2D
The Hydrologic Engineering Center’s River Analysis System 

(HEC-RAS) version 6.3.1 was used in the current study. Input data 
required are similar to T2D except their formats. The precipitation file 
was used directly in netCDF format. Since HR2D has a user interface, 
the simulations can run directly from the main window of the HR2D 
unlike T2D. The model was run with the SWE-ELM (Eulerian–
Lagrangian Method) equation set. HR2D uses a computational mesh 

of square shaped elements (Figure  2), and it allows for mesh 
refinement to increase the computational points to ensure numerical 
stability and increase the simulation precision in hydraulically 
complex regions. The initial mesh resolution used was similar to T2D 
(Figure  2), but later, the mesh was refined at various places by 
introducing more computational points (Figure 3B) due to the reasons 
explained in detail in the “Results” section. For both the models, 
Manning’s roughness and CN values were used in spatially distributed 
format (Table  1) based on the land cover types in the catchment 
(Figure 1).

HR2D solves the following shallow water equations for its 2D 
modeling approach (Brunner, 2020):

	(a)	 Continuity equation:
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where u , v = velocity components in the Cartesian directions [L/T],
q = Water source/sink;
g  = gravity acceleration [L/T2];
zs = Water surface elevation [L];

FIGURE 2

Triangle shaped mesh in T2D (104,566 cells) (left) and square shaped mesh in HR2D (56,106 cells) (right) with 5  m*5  m around and 3  m*3  m resolution 
in the river and 100  m*100  m resolution in rest of the catchment.
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v vt xx t yy, ,, = horizontal eddy viscosity coefficients in the x and y 
directions [L2/T];

t tb x b y, ,,  = Bottom shear stresses on the x and y directions [L2/T];
t ts x s y, ,, = Surface wind stresses in the x and y directions, 

respectively [M/L/T2];
R= Hydraulic radius [L];
h = water depth [L];

pa= Atmospheric pressure [M/L/T2]; and
fc= Coriolis parameter [1/T]

2.2.4 Models’ setup and input data
Raw RadPro precipitation dataset does not distinguish between 

rainfall and snowfall. Input precipitation to the HDRR models was 
therefore preprocessed according to a previous study by Godara et al. 

FIGURE 3

(A) Some of the artificial sinks where water was trapped at the end of the HR2D simulation for 100  m grid size, (B) Finer mesh breaklines to remove the 
artifact locations (approximately 56,000 cells).

TABLE 1  Calibrated CN and Manning’s roughness values used for various land covers for both the models.

↓Land-cover CN (T2D) CN (HR2D) Roughness (T2D) Roughness (HR2D)

Events from 
Figure 5→

A B A B

Bare rock and scarce vegetation 89 85 99 98 0.02 0.1

Forest 88 80 95 96 0.2 0.2

Open land 80 75 94 95.5 0.05 0.15

Marsh 90 90 95 92 0.2 0.2

Fully cultivated soil 90 90 94 90 0.04 0.04

Inland pasture 89 89 95 89 0.259 0.259

River 100 100 100 100 0.04 0.055

Urban area 89 89 95 96 0.1 0.1

Roads 91 91 99 91 0.02 0.02
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(2023a), where snowmelt was calculated using a hydrological model 
HBV (Bergström and Forsman, 1973). Sum of the calculated snowmelt 
and rain per timestep was used as input precipitation to the grid cells 
in T2D and HR2D. A flow chart for this methodology is shown in 
Figure 4. Base flow in the river was set based on the observed discharge 
using two internal boundary conditions with a constant discharge in 
the hydraulic models. One external boundary condition was set at the 
outlet of the catchment to a normal depth with a friction slope 
calculated using RAS-mapper close to the outlet. The computational-
interval for the simulations was controlled by the courant number 
which was set as 0.9 for T2D which is the recommended value for 
steep slopes (TELEMAC-2D User Manual v8p2, 2020), whereas, in 
HR2D, the minimum and maximum courant number were set as 0.4 
and 1, respectively. The initial computational time interval was set as 
1 s in both the models, and the output hydrographs were extracted 
for 15 min.

2.2.5 Curve number method
The CN method is an empirical method which is commonly used 

to estimate the infiltration or direct runoff from rainfall excess in a 
particular catchment. The equation to calculate the direct runoff depth 
is as follows:
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where Q (mm) is the direct runoff depth, P (mm) is the event 
rainfall depth, S (mm) is the potential maximum retention, and Ia is 
the initial abstraction or the amount of water lost before the runoff 
starts. In the current study, it is assumed as Ia = 0.2S. Curve number is 
a dimensionless parameter which depends on catchment’s hydrologic 

soil group, moisture condition, and land use. It is related to the above 
equation in the following way:
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CN varies from 30 to 100, where CN = 100 indicates no infiltration 
(high runoff) and lower CN values indicate higher infiltration (lower 
runoff). As shown in the CN equation, the runoff is generated only 
after the initial abstraction has been completed. Nonetheless, this 
method does not anticipate infiltration rate; instead, it predicts 
cumulative infiltration. In addition, time and rainfall intensity are not 
considered. As a result, this method is not the best for the areas in 
karst topography and for the areas containing the type of soils where 
a significant proportion of the flow is subsurface flow rather than 
direct runoff. Spatially distributed Manning’s roughness and CN 
values were used (Table 1) in both the models which were based only 
on the land cover data because soil information was not available for 
the catchment. Steep slope correction for CN values was applied in the 
T2D simulations considering the mountainous catchment using the 
following formula (Huang et al., 2006):
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Here, CN II( ) represents the CN value corresponding to a 
AMC II( ), the normal antecedent moisture condition, while a  denotes 
the terrain slope in m/m, ranging from 0.14 to 1.4 m/m. The CN II( ) 
values may experience an increase of up to 6% for a  = 1.4 
(Ligier, 2016).

2.2.6 Green-Ampt and green-Ampt redistribution 
method

In contrast to the CN method, the GA method is a physically 
based model. The rate of infiltration varies with time depending on 
the soil properties (Ogden and Saghafian, 1997). The CN method 
assumes an initial abstraction before the runoff starts, the GA model 
assumes that the runoff starts only when the rainfall rate is more than 
the infiltration rate. The GA approach assumes a sharp boundary 
between wet and dry soil, and the water potential varies with water 
content on the wetting front in the dry soil (Green and Ampt, 1911). 
To calculate the infiltration rate (f), the basic GA equation is as follows:
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Here, KS is the saturated hydraulic conductivity, Ψ is the suction 
head, θd is the difference between the saturated water content (θS) 
and the initial soil water content (θi), and F is the cumulative 
infiltration. The depth of the wetting front (Z) is presented as F/θd. 
It is important to notice that the actual infiltration rate is the 
minimum of the rainfall intensity, and the infiltration rate calculated 
in the above equation.

The GA approach is suitable for reproducing single peak flow 
events where the effects of evapotranspiration and unsaturated 
gravity-driven flow are negligible. On the other hand, it is crucial to 
consider the soil moisture redistribution to accurately model sustained 
flow flood events caused by multi-storm rainfall. Two wetting fronts 

FIGURE 4

Flow chart for the methodology used in this research study.
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may be considered for such events and the Green-Ampt Redistribution 
(GAR) method is used to simulate the soil moisture recovery during 
a rainfall hiatus period. The basic GA method depends on four 
parameters, namely, saturated hydraulic conductivity (KS), suction 
head (Ψ), initial (θi) moisture content, and saturated (θs) moisture 
content, whereas the GAR method considers two additional 
parameters, namely, residual moisture content (θr) and the pore size 
distribution index (λ). A rainfall hiatus period starts when the 
saturated hydraulic conductivity Ks is more than the rainfall. During 
this hiatus period, the soil moisture content starts to decrease and this 
change in the moisture content (θ0) for the redistribution process is 
calculated as follows:
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where Z0 is the depth to the wetting front given as F0/(θ0 − θi), Ev,0 
is the evapotranspiration rate, Ki, KS, and K0 are the unsaturated 
hydraulic conductivities corresponding to initial θi, the saturated θS, 
and a moisture content of θ0, respectively. G (θi, θ0) is integral of the 
capillary drive through the saturated front which is computed 
as follows:
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where Θ is the relative water content. The main benefit of using 
the GAR method is that it takes into account the variation of rainfall 
excess intensity over time, a feature which is absent in the CN method. 
However, the calibration of GAR method depends on the availability 
of soil data, and it is a tedious and time-consuming process because 
of the large number of parameters and long simulation run-time in 
the hydrodynamic models. Therefore, to test the influence of the GAR 
parameters, a sensitivity analysis was done on a smaller model of only 
two cells.

2.2.7 Measures of accuracy
Pearson’s correlation coefficient (Pearson, 1897) and Nash–

Sutcliffe Efficiency Index (Nash and Sutcliffe, 1970) were used as the 
measures of accuracy for the model results. The formulas for both are 
described below:

	(a)	 Pearson’s correlation coefficient (R2)
It is the ratio of the mean square error to the potential error. The 

value ranges from 0 to 1, where 1 represents a perfect fit and 0 
represents no fit. It is calculated using the following formula:
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In this equation:
R2 represents the Nash–Sutcliffe Efficiency Index;
n is the total number of observations;
Qobs denotes the observed values;

Qsim represents the predicted values;
Qobsm  signifies the mean of the observed values; and
Qsimm

 signifies the mean of the simulated values.

	(b)	 Nash–Sutcliffe Efficiency Index (NSE)
Nash–Sutcliffe Efficiency (NSE) Index is the absolute difference 

between observed and simulated values, which is then normalized by 
the variance of the observed discharge to remove any bias. In case of 
a perfect model, the estimated error value is 0, and hence, the NSE is 
1. On the contrary, the NSE is 0 if the model produces an estimation 
error-variance equal to the observed time series. It is calculated using 
the following formula:
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In this equation:
NSE  represents the Nash–Sutcliffe Efficiency Index;
n is the total number of observations;
Qobs denotes the observed values;
Qsim represents the predicted values; and
Qobsm  signifies the mean of the observed values.

3 Results and discussion

3.1 Calibration and single-storm flood 
events

The models are calibrated by varying the CN values and the 
roughness for different land covers (Table 1) to fit the simulated 
hydrograph for single storm events to the observations from the 
measurement station in the river (Figure 1). During the calibration 
process, when the same roughness and CN values were used in 
HR2D as in T2D, the runoff was lower (Pilotti et al., 2020), and the 
peak flow was not captured for event A by HR2D, as shown in 
Figure 5. Hence, the CN values were increased, and roughness was 
decreased to reproduce the peak flow in HR2D. Consequently, the 
time to the peak flow was earlier for HR2D. Moreover, it was also 
observed in a study by Zeiger and Hubbart (2021), where the 
Manning roughness was adjusted and decreased with 25% and down 
to 75% which was not physically realistic for their study area. To 
reproduce the peak in HR2D, more flow volume and a delayed peak 
were needed. Since the mesh size also controls the runoff volume 
(Godara et al., 2023b), the cell size for the catchment was decreased 
to 50 m, which increased the runoff volume. Afterward, Manning’s 
roughness values were increased to delay the peak which resulted in 
a good calibration of peak flow and timing for event A (Figure 5). 
One reason for different results from the two models for the same 
CN and Manning’s n values may be  the steep slope correction 
applied in T2D as per the formula given in Equation (9), which 
increases the CN value based on the slope at the location. For event 
B in the same Figure 5, the mesh resolution was the same (5 m by 
5 m and 100 m by 100 m); as in T2D (except the breaklines in 
HR2D), only the CN and roughness values were adjusted to 
reproduce the peak flow. These two flow events were induced by only 
single-storm rainfall events without any contribution of snowmelt.
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The results show that the recession part is better simulated by 
HR2D than T2D in both the events, but both the models are struggled 
to capture the initial rising part of the flood hydrograph in event 
A. Similar results were observed in a study by Vu et al. (2015) for T2D 
flood inundation modeling, where the highest agreement between the 
modeled results and observations is for the peak flow conditions, not 
for pre- and post- flood conditions even for the flood extent. Reason 
behind a higher and therefore a better recession limb in HR2D can 
be the finer mesh in HR2D, which influence the overall volume under 
the curve of a hydrograph and a higher roughness, delaying and 
distributing the flow and keeping the volume higher until the end of 
simulations. A dam-break wave propagation study in a moderately 
steep valley was done by Pilotti et al. (2020) using HR2D version 5.0.7 
and then compared the results with T2D version 7.0. They observed a 
slightly steeper rising limb and an early peak of the hydrograph in 
both models, which aligns with the findings of this study. However, 
they observed a milder recession limb compared to the observed one. 
However, the NSE values were quite similar. For this study, Nash–
Sutcliffe efficiency and Pearson Correlation Coefficient values for T2D 
and HR2D are shown in Figure 5.

3.2 Mesh grid cells and simulation 
run-times

HR2D uses square shaped grid cells while T2D uses triangular 
shaped grid cells in the mesh. For the same length of the cell edges in 
the catchment, T2D gave more stable results as compared with 
HEC-RAS. One possible explanation for this can be the triangular 
shape of the grid cells instead of the square shape in HR2D which 
makes almost double the number of grid cells in T2D than in HR2D 
(Figure 2). Furthermore, HR2D took approximately five times longer 
simulation run-time as compared with T2D for the same set of 
parameters. T2D can run the simulation on eight core processors at 

the same time, showing the usage of 100% CPU capacity of the 
computer in task manager. HR2D also has an option to select the 
number of cores to be used (Goodell, 2016). Simulation run-time was 
tested by using 8, 16 and all available cores, but still, the task manager 
shows only approximately 60% of the CPU capacity usage during the 
simulations. This could be the reason for longer simulation times in 
HR2D. However, we  refer to an article by Kleinschmidt Group 
(Goodell, 2016), to understand the utilization of a computer’s CPU by 
HR2D. Another reason for a longer simulation run-time in HR2D is 
the irregular shape of the grid cells along the steep sections in the 
catchments (Figure 3A, right).

Some artificial sinks were observed at the end of the HR2D 
simulations (David and Schmalz, 2021) and a significant amount of 
water was trapped in there (Figure 3A, right), which resulted in a 
lower runoff volume in the initial stages of the calibration. Unlike 
HR2D, T2D did not have any such problem of discontinuous flow or 
artifacts at extreme steep slopes. To remove these artifacts in HR2D, 
the mesh was refined in those particular areas by introducing 
breaklines (Figure 3B, left), which resulted in an increased runoff 
volume, peak flow, and simulation run-time. Even after the refined 
mesh in these areas, water was still trapped in very small point 
locations with extremely steep slopes (Figure 3B, right), which was 
difficult to remove.

The resulting flow did not seem continuous for the steeper 
sections of the river. One possible reason for the flow discontinuity in 
HR2D could be the way in which the model fills the grid cells with 
water. The cells are filled according to a stage–volume relationship and 
it starts filling up the cell from the deepest part of the cell. Low flow 
or long time-steps can lead to a visual impression of discontinuity 
even if the wetted areas of the cells are continuous (Goodell, 2015). 
Moreover, the acceleration term in the full momentum equation 
cannot be neglected in such a steep terrain. Therefore, full momentum 
shallow water equation set was used which gave a more continuous 
flow and stable results for these steeper sections in HR2D. Even after 

FIGURE 5

Observed discharge (black) and results from T2D (red) and HR2D (green) simulations. Both the models struggled to capture the initial rising part of the 
flood hydrograph in event A, but the recession part was better simulated by HR2D than by T2D in both the events.
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using the SWE-ELM with 1 s of computation interval, the flow was 
discontinuous at a small section of the river where there was a sudden 
vertical drop. The channel was modified at this location to smoothen 
the drop (Figure 6) and the flow became continuous. On the other 
hand, there was not such a discontinuity problem in T2D results 
because T2D calculates the values at the nodes of the triangular mesh 
elements and distributes evenly inside the grid cell. Hence, no 
discontinuity problem was observed inside the cells.

3.3 Multi-storm flood events with sustained 
flow

Figure 7 shows results from HBV hydrological model and T2D 
and HR2D HDRRM models for a flood event occurred by multiple 
storms. T2D simulations were run using the CN method, and HR2D 
simulations were run using CN and GAR methods. The results from 
the GAR method in HR2D (green curve in Figure 7) show that the 
flow between the two peaks was not reproduced, and the second peak 
is way higher than that of the observed flow.

Hydraulic conductivity (KS) affects the resulting runoff volume 
throughout the entire event. When the conductivity is less than the 
rainfall rate throughout the event, the infiltration rate decreases 
exponentially to reach the infiltration rate equal to the hydraulic 
conductivity. During the rainfall hiatus period (when KS > rainfall 
rate), the infiltration rate is approximately equal to the KS (which is 
higher than the rainfall). As explained in section 2.2.6, the actual 
infiltration will be minimum of the infiltration rate [f(t)] and the 
rainfall rate. Hence, most of the rain infiltrates and the sustained flow 
between the two storms are not reproduced. For the event as shown 

in Figure  7, the minimum precipitation rate between the two 
rainstorms is approximately 5 mm/h; so, to maintain the non-hiatus 
period and the flow between the two storms, the KS should always 
be  less than 5 mm/h. However, such a low value of hydraulic 
conductivity results in higher peak flows for both the storms. Hence, 
a higher value of the hydraulic conductivity, 10 mm/h is used to 
calibrate the model at least for the first peak. Consequently, this high 
value of conductivity leads to a lower flow between the peaks.

The simulated extremely high peak flow for the last storm in this 
event is because even though the infiltration rate decreases with the 
time, the soil moisture recovery was not enough prior to the following 
heavy rainfall. Attempts were made to calibrate this peak, but the 
model results were not very sensitive to the two GAR parameters, 
which are responsible for the recovery of the infiltration rate. A 
sensitivity analysis for all the GAR parameters was done to better 
understand the effect of these parameters. The results are shown in the 
subsequent section. The GAR parameters used for the event, as shown 
in Figure 7, are:

Wetting Front Suction = 100 mm;
Saturated Hydraulic Conductivity = 10 mm/h;
Initial Soil Water Content = 0.1;
Saturated Soil Water Content = 0.8;
Residual Soil Water Content = 0.02;
Pore-size Distribution Index = 0.7;
Additionally, there always exists a return flow component. In such 

a steep catchment with shallow soils, the contributing return flow is 
even higher to the river. The water which is infiltrated into the shallow 
soils is permanently lost from the T2D and HR2D models because a 
groundwater model is not incorporated into these HDRR models, and 
thereby, the infiltrated water does not contribute to the runoff flow in 

FIGURE 6

Original (A) and the modified river (B) at the steep sections.
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the river. However, it is well established that in reality, the infiltrated 
water significantly contributes to the runoff in thin soils with steep 
slopes. Therefore, this problem of low flow between the storms can 
be  resolved by introducing a delay mechanism that enables the 
infiltrated water to resurface and contribute to the runoff between the 
two precipitation events. This is precisely what is implemented in the 
soil routine of the HBV model, where the release of water from the soil 
routine to the runoff is followed by a retention delay that mimics the 
subsurface water dynamic. In the HBV model, the sub-surface water 
that is withheld by the soil routine is available for the model for future 
time-steps, which ensures continued runoff generation during the 
entire events with sustained flow. This contrasts with the T2D and 
HR2D models, where the infiltrated water is lost and not included in 
the runoff at later stages.

Furthermore, it is also shown in Figure 7 that CN method and 
GAR method did not give similar result for the flow between two 
peaks. The reason behind this is that the CN method has a constant 
infiltration rate, but in the GAR method, the infiltration rate varies 
with time based on the relationship between precipitation rate and 
hydraulic conductivity. The actual infiltration rate in the GAR method 
is the minimum out of the precipitation rate and the infiltration rate 
as calculated by Equation (10). Since the precipitation rate is lower 
than the hydraulic conductivity, most of the precipitation infiltrates, 
in contrast to the CN method, which has a constant infiltration. 
Therefore, the flow between the two peaks is higher for the CN 
method than for GAR method, as shown in Figure 7.

Figure 8 shows the cumulative precipitation, infiltration, and excess 
depth for a grid cell from the HR2D simulation using both CN and GAR 
infiltration methods for the event, as shown in Figure 7. The results show 
that the difference between the precipitation depth and the excess depth 

is equal to the infiltration depth, which means if the infiltrated water could 
contribute to the runoff as a return flow, the flow between the storms 
would have been higher and sustained. Figure 8 also shows how the 
infiltration rate in the GAR method varies and confirms that it is higher 
in the GAR method than in the CN method for the period between the 
two storms (roughly between 12 January 20:00 and 13 January 08:00) as 
claimed in the previous paragraph.

3.4 Sensitivity analysis of GAR method 
parameters

Based on the experience from the multipeak event (Figure 7) and 
the application of the CN method in T2D in the earlier study (Godara 
et al., 2023a), it is evident that the CN method has limitations to 
produce satisfactory results for flood events with multiple peak flows. 
Therefore, the HR2D model with the GAR infiltration method was 
tested to simulate such events because GAR has a variable infiltration 
rate unlike the CN method. In theory, the GA model should be able 
to recover the infiltration capacity during dry periods (Brunner, 2020), 
as also explained in the methods section, and should overcome the 
limitations of the CN method in T2D. However, this was not the case 
as shown in the previous section. Hence, sensitivity analysis of the 
GAR method parameters was done to understand why this method is 
not be able to reproduce multi-peak floods and understand the effect 
of each parameter. The analysis was done on a smaller area with two 
cells for faster simulations.

The parameters for original GA method are Wetting Front Suction 
(Ψ), Saturated Hydraulic Conductivity (KS), Initial Soil Moisture 
Content (θi), and the Saturated Soil Moisture Content also called the 

FIGURE 7

Multi-storm flood event with two peaks induced by a rain-on-snow event. Observed discharge (black) and results from the hydrologic model HBV 
(blue) and hydrodynamic rainfall-runoff models T2D (red) and HR2D from CN (maroon) and GAR methods (green).
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Porosity (θs). Two additional parameters making it the GAR method 
are Residual Soil Moisture Content (θr) and Pore-size Distribution 
Index (λ). These six parameters were used for the flood events 
triggered by multi-storm precipitations. The analysis shows that the 
results are most sensitive to the four parameters that are used in the 
basic GA method, whereas the additional two parameters from the 
GAR method do not have a large effect on the results. The subsequent 
sub-sections show the effect of each parameter in detail.

3.4.1 Saturated hydraulic conductivity (KS)
Three values of hydraulic conductivity KS = 2, 5 and 10 mm/h were 

used in a smaller model to check the sensitivity using a constant 
precipitation rate of 10 mm/h. All the other parameters were kept 
constant. The results in Figures  9A,B show that if the hydraulic 
conductivity is more than or equal to the precipitation rate (10 mm/h 
in this case), all the water infiltrates and there is no excess water left as 
surface runoff. Additionally, as the difference between conductivity 
and precipitation rate increases, infiltration decreases exponentially to 
reach an infiltration rate equal to the hydraulic conductivity.

3.4.2 Suction head (Ψ)
A constant precipitation rate of 10 mm/h was used over two cells 

to check the sensitivity of suction head for three values Ψ = 100, 400, 
and 700 mm keeping the other parameters constant. The results in 
Figures 9C,D show that the higher the suction head, the higher the 
infiltration rate. Consequently, the excess flow rate is lower, and runoff 
starts later in time for a higher suction head.

3.4.3 Moisture deficit (θd  =  θs – θi)
Various values of initial (θi) and saturated (θs) moisture content 

were tested, and it was found that the results were sensitive to the 

difference between the two moisture contents (moisture deficit (θd)), 
instead of the initial and saturated moisture contents separately. 
Constant precipitation rate of 10 mm/h, KS = 5 mm/h, and Ψ = 700 mm 
was used over the cells to check the sensitivity. Figures 10A,B shows 
that the higher the moisture deficit, the larger the infiltration rate, and 
the surface runoff start later in time. The results also show the same 
curves for the scenarios, where the value of moisture deficit is same, 
even though the initial and saturated moisture content values 
are changed.

3.4.4 Residual water content (θr)
Residual moisture content θr is the one of the parameters that 

affects the shape of the hydrograph after the rainfall hiatus period 
(GAR method). Therefore, a rainfall event with varying intensities 
10 mm/h, 5 mm/h and 15 mm/h was used in this case as shown in 
Figure  11A. Keeping the initial and saturated moisture contents 
constant along with the rest of the parameters, residual moisture 
content was varied from minimum 0.01 to maximum 0.1 (as per the 
Table 4 in Brunner, 2020). Figures 11B,C shows that the higher the 
residual moisture content, the lower the infiltration rate after the 
rainfall hiatus period and the higher the second peak, but the results 
are not very sensitive to this GAR parameter.

Different combinations of the initial and saturated moisture 
contents were also tested for sensitivity (Figures 11D,E), keeping the 
same values for residual moisture content and moisture deficit. The 
results in Figure 11 show that the effect is only on the second peak, but 
overall, the results are not very sensitive.

3.4.5 Pore size distribution index (λ)
Keeping all the parameters constant and using the same varying 

precipitation as above, the pore size infiltration index was changed to 

FIGURE 8

Cumulative precipitation, infiltration depths, and excess depths for a grid cell from HR2D simulation using CN and GAR methods for the event, shown 
in Figure 7.
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FIGURE 9

Cell infiltration and excess rate for different saturated hydraulic conductivity (A,B) and suction heads (C,D) using precipitation rate of 10  mm/h.

FIGURE 10

Cell infiltration and excess rate for different moisture deficit values (A,B) and the maximum and minimum values of pore size distribution index (C,D).
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the maximum and minimum values of λ (0.7 and 0.15) (Brunner, 
2020). The results in Figures 10C,D show that higher the pore size 
index, the lower the first and second peak flows, but the second peak 
is influenced more, although the overall results are not very sensitive 
to the value of pore size distribution index.

The outcomes of the sensitivity analysis reveal that the GAR 
method behaves as anticipated and produces the expected results. 
Nevertheless, it is still not be able to simulate longer flood events 
correctly. This discrepancy suggests that the probable cause for the 
inability to reproduce multi-storm and prolonged flood events lies in 
the loss of infiltrated water and the absence of a subsurface water 
module in HDRR models (T2D and HR2D).

3.5 Velocity and inundation maps

Figures 12, 13 show velocity and inundation maps from the models 
T2D and HR2D for event B, as shown in Figure 5. Finer mesh (3 m × 3 m) 
was introduced along the steep section of the river in both the models to 
capture the terrain with better accuracy. The results show that the 

inundation areas are approximately the same from both the models except 
that T2D shows continuous regions, whereas HR2D shows that it 
scattered at some locations outside the river reach. This discrepancy in the 
results was also observed in a study (Orozco et al., 2023), where the two 
models were compared for levee breach analysis. This difference is 
because T2D distributes the water evenly across each grid cell calculated 
from the values at nodes of the grid cell. In contrast, HR2D has sub-grid 
technology, preserving the detailed information of topography within the 
grid cells, resulting in partially wet cells and more distinctly defined 
floodplain areas. This feature enhances result precision, providing a more 
comprehensive understanding of the area and water behavior during both 
modeling and post-processing stages. Because of this difference, the 
extent of the inundation seems more continuous from T2D simulations 
as compared with that from HR2D simulations.

Furthermore, the results show that maximum water depth and 
maximum velocity values are higher in HR2D than T2D. The reason 
behind excessively high maximum values can be the steep slope of the 
catchment, in which HR2D probably is not designed to accommodate. 
Some locations in the catchment have vertical drops, and even after 
refining the mesh, tiny ponds were formed similar to the ones shown 

FIGURE 11

Precipitation (A) used for the sensitive analysis of redistribution parameters, (B,C) show cell infiltration and excess rate for the various values of the 
residual moisture contents. (D,E) Show the same for various combinations of initial and saturated moisture contents, keeping the same value of 
moisture deficit.
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in Figure 3A, with a high value of depth at the location and velocity at 
these vertical drops.

In general, higher values of velocity were calculated by HR2D, as 
shown in Figure 13. Figure 14 shows the velocity distribution along 
the centerline of the river stretch shown in depth and velocity maps, 
along with the slope in the same river stretch. The figure shows that 
HR2D calculates higher velocities than T2D along the steeper sections, 
especially when the slope is more than approximately 20 degrees 
which is way above the suggested maximum slope values for HR2D 
(Brunner, 2016). However, velocities at the flatter sections were mostly 
similar from both the models, as shown in the most right and the most 
left river sections in Figures 13, 14.

4 Conclusion

The goal of this study was to compare the two hydrodynamic 
rainfall-runoff models TELEMAC-2D and HEC-RAS 2D for their 
rain-on-grid technique and, especially, to reproduce long-duration 
flood events with sustained flow between flow peaks. Sensitivity 
analysis of the GAR infiltration method parameters was also done to 
understand the behavior of models to simulate such events. The study 
has also explored their strengths and weaknesses in terms of 
calibration process, simulation run-time, input file preparation, and 
post-processing of results. Use of CN infiltration method in T2D and 

HR2D was compared, as well as the GAR infiltration method in 
HR2D was tested in the RoG technique.

Peak flow for single storm flood events was reproduced by 
both the models. The results show that this fully integrated 
hydrodynamic rainfall-runoff modeling with RoG tool can only 
be used for flash floods in small rivers not for a big river flood 
with long duration floods, where significant amount of water 
infiltrates. The plots from this study and our previous studies on 
this topic conclude that this type of models is good to simulate 
single-storm flood events limited to 10–15 h of duration or to the 
flood events where it is sure that the infiltrated water percolates 
to the deep groundwater flow, and there is no chance of 
subsurface return flow. For the longer duration single-storm 
floods, the recession part is not simulated well. Similarly, for 
multi-storm events, this tool fails to accurately capture the flow 
dynamics between the storms. Although, the sensitivity analysis 
of the GAR parameters on a multi-storm event gave expected 
results, but none of the HDRR models with CN or GAR 
infiltration method could simulate this. The main reason for this 
limitation is the lack of a soil routine module which can include 
the contribution of delayed subsurface water to resulting flow 
hydrograph. The addition of a subsurface water routine inside the 
HDRR models should be one of the future works. Furthermore, 
the resulting inundation maps from the models should 
be  compared with the observed inundation maps, since  

FIGURE 12

Water depth results from T2D and HR2D simulation results for event B in Figure 5.
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FIGURE 13

Velocity results from T2D and HR2D simulation results for event B in Figure 5.

FIGURE 14

Slope (blue clustered columns on the secondary axis) and velocity distribution (red clustered columns from HR2D and black line from T2D) along the 
centerline of the river stretch shown in Figures 12, 13.
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these were not available for the area and flood events used in 
this study.

Nonetheless, the tool developed in this research study is applicable 
for analyzing flash floods and their consequences in steep catchments. 
Since flash floods are expected to increase in future due to increased 
short-duration, high-intensity precipitation events, this model will 
hold direct relevance and significance in future assessments of climate 
change impacts in terms of flash floods. The results from this study 
may help the engineers and researchers to choose the suitable model 
for their purpose out of the two hydrodynamic rainfall-runoff models 
which have the option for modeling a steep catchment and river 
systems using rain-on-grid technique. Furthermore, these results can 
provide a useful tool for flood risk management, infrastructure 
planning, and risk and vulnerability analysis for flash floods using an 
appropriate rain-on-grid hydrodynamic model. The analysis can help 
the municipality and infrastructure planners to find critical locations 
in an area in terms of submergence, water depth, high velocities, and 
shear stresses.
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