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in complex ways. The primary drivers are sea level (SL) and river flow (Q) that often exhibit
coherent behavior to be considered in flood risk management. To describe and quantify the
compound effects of SL and Q on flooding, a methodology was developed involving hydraulic
simulations with long time series of data yielding statistical properties of output quantities such as
river water level and flooded areas. Dominance analysis was conducted to quantify the relative
influence of SL and Q on river water level along reaches. Also, simplified, empirically based
equations were derived to predict the river water level at any location based on SL and Q.

New hydrological insights for the region: The long-term simulations revealed that the relative in-
fluence of SL and Q on the river water level changes significantly from the coast to upstream. For
example, at the Ronne River, influence of SL decreases from 90 % to 20 % between 1 km and
11 km from the coast. Meanwhile, influence of Q increases from 10 % to 80 % over the same
distance. The simplified equations derived to predict the water level can be used by stakeholders
to forecast flood events or in risk assessment where many alternatives need to be considered.

1. Introduction

Floods are natural hazards that have been studied by scientists and engineers for centuries because of their impact on human
development and related activities (Brazdil et al., 2006; Hudson and Berghauser, 2023). In recent years, several severe flood events
have occurred worldwide, causing significant loss of human lives and economic damages (Lehmkuhl et al., 2022; Sugg et al., 2023;
Takayama et al., 2023; Sun et al., 2024). Most floods result from several drivers interacting (Kruczkiewicz et al., 2022; Liu et al., 2022;
Yi et al., 2023) that are random in nature but possibly correlated. One such example is river-induced flooding in coastal areas, which is
determined both by sea level and river runoff. In general, the variation in sea level is a function of tide, barometric pressure and wind
distribution due to low-pressure atmospheric systems (typically denoted as surge or meteorological tide during storm conditions), and
long-term sea level rise, which in turn exhibit the influence of a multitude of drivers. The surge component in the sea level and river
runoff could display coherent behavior since they may be generated by the same meteorological event (Svensson and Jones, 2004). The
importance of different drivers, their inter-relationships (Coles et al., 1999), and subsequent influence on flood characteristics are a
challenge to determine and quantify, especially regarding the statistical properties of the floods.

In flood risk management (FRM), the initial step involving risk analysis requires quantification of the probability of specific flood
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levels and flooded areas, which constitute the basis for the following steps of risk assessment and risk reduction (Schanze, 2006; Fiori
et al., 2023). If several factors are controlling the flooding, partly correlated, the statistical analysis is not straightforward, neither
when it comes to the probability of occurrence for combinations of different driver values (Svensson and Jones, 2002; Moftakhari et al.,
2017; Santos et al., 2021) nor for their effects on flood properties. In addition, even if the return period of such combinations can be
established, and the flood properties calculated through a model, there is no guarantee that the calculated results will have the same
return period as the input conditions (Olbert et al., 2023). Thus, the alternative to use long time series of input data for the drivers in a
simulation model known as continuous simulations (Sopelana et al., 2018), then subject the corresponding output series to statistical
analysis (Falter et al., 2016), is typically a better option. Such an approach handles the issues of correlation among drivers, their
dependence, and time shifts between different drivers in a more accurate manner. However, the approach may put some limits on the
spatial and temporal resolution of the modeling, since the execution time for more detailed computational models makes it difficult to
simulate for long time periods needed in proper statistical treatment (c.f., Ward et al., 2011).

Currently, it is common to use one-dimensional (1D) and two-dimensional (2D) computational models to determine flood prop-
erties in water courses. Selecting between these two model types is complex, as each model offers distinct advantages depending on the
specific application. For instance, 2D modeling is effective in areas with multidirectional water flow, such as flat terrain, behind levees,
or in bays with tidal influences. However, 1D models can offer advantages over 2D models in some situations where flow direction is
more defined and long-term or large-scale simulations are required. The decision between 1D and 2D modeling depends on factors like
data availability, flow dynamics, boundary conditions, and the specific needs of the simulation (Tayefi et al., 2007; Brunner, 2024). An
alternative to long-term simulations is the use of hybrid models that couple 2D computational models with advanced statistical
techniques, or surrogate models that approximate complex and computationally intense simulations using machine learning algo-
rithms (Sopelana et al., 2018; Fraehr et al., 2024). However, the accuracy of these models heavily depends on the quality of the
available data and their interpolation, as well as the training and validation techniques used.

Although several studies have recently been carried out on large scales (i.e., region, country, and global) concerning the compound
effects of sea level and river runoff on flooding in coastal areas (Ward et al., 2018; Camus et al., 2021; Eilander et al., 2023; Lyddon
et al., 2023), they have been rather qualitative and schematic in their description, mainly emphasizing the importance of compound
events and the way to proceed in the analysis at larger scales. Despite the benefits and insights provided by these studies, FRM is in
general site specific and dependent on local information and high-quality data. For example, flood levels and flooded areas are
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Fig. 1. Map of Ronne River catchment with sea level (Viken and Magnarp) and wind (Hallands Vadero A) measurement stations; modeled river
stretch is shown. Sources: Open street map and SMHI.
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functions of the bathymetry and topography for the coastal and river environment of interest, as well as adjacent land areas. Poor
resolution of available elevation data severely limits the possibility of accurately quantifying the effects of a flood. In addition, model
calibration and validation are needed to ensure that model results are general and applicable.

FRM studies often involve modeling since measurements of flood properties are typically limited, whereas longer series of data on
the flood-generating drivers are available. Different types of modeling can also be tools to enhance and improve the communication
between engineers and stakeholders (Pender and Néelz, 2007). The type of model to be employed, including how well it resolves the
governing processes in time and space, will be determined by the specific focus of the FRM (e.g., Chen and Liu, 2014; Bennett et al.,
2023). Also, all elements involved in the modeling procedure should be compatible, particularly the data properties in terms of
availability, quality, and resolution; no model can compensate for insufficient data. Thus, the available data will typically define the
limits, as well as determine the reliability and robustness, of the FRM.

The main objective of the present study was to quantify the compound influence of sea level (SL) and flow (Q) on river-induced
flooding in coastal areas. A methodology was developed that involved model simulations for long time series of SL and Q, the two
main drivers for flooding in the investigated cases, followed by statistical analysis of simulated flood properties such as water level and
flooded area. The relative importance of SL and Q on the water level in rivers discharging to the sea was quantified for several different
sites in southern Sweden.

The paper is organized as follows. First the study areas are described with focus on Ronne River, where the methodology was
developed and tested, after which the main input data employed, and their properties are presented. Then the modeling procedure is
outlined together with details about the hydraulic model used (HEC-RAS) and its implementation, including model calibration and
validation. The model results are primarily discussed in terms of the water level along the river and flooded area, including their
statistical properties. Dominance analysis was employed to display the relative importance of SL and Q for the water level variations
along a river; this analysis quantifies how far up into the river the sea level should be considered. The result of applying simplified
equations to directly compute the water level from SL and Q based on a set of regression equations is reviewed for the three rivers
investigated. The paper ends with a set of conclusions.

2. Study areas

Ronne River has its source in Lake Ringsjon located in the central part of the most southern province of Sweden, Scania
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Fig. 2. Map of studied river reaches located in southern Sweden. Sources: Open street map and SMHIL
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(Martin-Gousset et al., 2009). The river drains a catchment area of 1922 km? over a 83-km long stretch, before entering into the
Skilderviken Bay near the city of Angelholm (Fig. 1). The total length of the simulated reach in the present study is 12 km from the
coastal outlet to the upstream. The downstream part of the river is characterized by many sharp meandering bends, and it typically has
a distinct V-shaped cross-sectional main channel here. The longitudinal bottom profile downstream presents an average slope of 0.001.
The river exhibits bed and bank erosion in several places along the studied (Inamdeen, 2020; Kalimukwa and Mohamed, 2021).

Ronne River runs through an area characterized by coastal and inland climatic conditions. The annual average temperature is
7.2 °C and the annual precipitation typically varies between 825 and 900 mm. Flows in Ronne River are in general high during winter
and spring compared to summer and autumn (Persson et al., 2011a). An analysis of 39 years of simulated flow data from the Swedish
Meteorological and Hydrological Institute (SMHI) shows that the study reach receives an average flow of 31.8 m>/s during the winter
and spring seasons and 15.3 m>/s for the summer and autumn season. However, exceptional events occur; a peak flow of 209 m>/s was
encountered on the 7th of July 2007 due to severe prolonged rainfall. The second highest flow (181 m®/s) was on the 2nd of February
2002.

Apart from Ronne River, the present study included coastal reaches of two more rivers, namely Save River and Hoje River (Fig. 2),
primarily to assess the influence of sea level on river water levels and to validate the simplified approach for direct computation of the
river water level from SL and Q. The Save River is located in southwestern Sweden and flows out into the downstream part of Gota
River, crossing the city of Goteborg, before discharging its water into the Kattegat Sea. The catchment area covers 1475 km? and the
river is approximately 130 km long (Sechu, 2015). This study focuses on a 13-km section in the most downstream part of the river. The
Save catchment experiences average annual precipitation ranging from 700 mm to 1000 mm, with an average annual temperature of
6.1°C (Persson et al., 2011b).

The Hoje River is situated in the western part of Scania, having a catchment area of around 316 km?. The river is approximately
35 km long and discharges into Oresund through the city of Lomma (Betsholtz and Nordl6f, 2017). Since the Hoje and Ronne River
catchments are geographically close, both rivers share similar climatological and meteorological characteristics. This study has
simulated a 10-km long stretch of the river from the coastal outlet. According to SMHI, over the past 40 years, several major floods
were observed in all the investigated coastal river reaches. Most of these floods were close to having a 100-year return period, esti-
mated based on fitted Gumbel distributions. Table 1 summarizes some important statistics related to flow and sea level for the studied
river reaches.

Marked sea level variations along the Swedish coast are primarily influenced by storm surges caused by low-pressure atmospheric
systems forming along the coast. Since 2011, Sweden has experienced over 20 storms that have significantly raised sea levels above
normal values. For example, the First Advent Sunday storm on 27th November in 2011, raised the sea level at the Hoje River outlet up
to 1.36 m. Similarly, the storm Gorm on 29th November in 2015 increased the sea level at the Ronne River outlet up to 1.88 m (SMHI,
2024). Additional storm events and their corresponding sea levels at the Ronne River outlet are detailed in Table 2. The tidal influence
on sea levels along the west coast of Sweden is markedly small (Pédsse and Daniels, 2015). According to Hallin et al., (2019), the
Skalderviken Bay at the Ronne River outlet experiences extreme micro tides with an average amplitude of about 5 cm, occasionally
reaching 20 cm. Thus, this study did not focus on the tidal component when performing the sea level analysis.

3. Data employed and analysis
3.1. River flow and sea level

The river flow is a primary input parameter for hydraulic modeling. SMHI has simulated the flows in Ronne River by using the
hydrological model S-Hype (Lindstrom et al., 2010; Bergstrand et al., 2014). Since there is no flow measurement station close to the
study area, all flows employed originated from these simulations (SMHI 2020a). In the model simulations, daily values for the period
1981 - 2019 were used. For the other two studied river reaches (Séave River and Hoje River), flow time series of daily data simulated
with S-Hype for somewhat different periods was employed (2013-2019 and 2011-2019, respectively).

As shown in Fig. 1, the Magnarp station in Skalderviken Bay yielded the closest sea level measurements to the outlet of Ronne River.
However, data were only available for a period from 2011/03/08-2014/05/07. Therefore, sea level measurements from the SMHI
station Viken, which is located 20 km south of Skalderviken, and recorded wind speed and direction from the SMHI wind station
located at Hallands Vadero were used to develop a complete sea level time series used for the hydraulic modeling from 1981 to 2019.
Thus, the water level in Skalderviken Bay was determined from empirical relationships that depend on the wind conditions.

These empirical equations were developed by dividing the wind direction into eight different segments. The equations assume a

Table 1
River flow and sea level conditions in the studied reaches (flows based on simulations with the hydrological model S-Hype and water levels from
measurements).

River Average flow (m®/  Maximum flow (m%/ 100-year return flow Closest seal level measurement Highest sea level ever recorded
s) s) (m®/s) station (cm)

Ronne  23.6 209 219.0 Magnarp 191.0

Séve 28.3 158.7 159.5 Goteborg-Eriksberg 165.0

Hoje 3.0 36.4 32,5 Barseback 162.3

Note: The sea level measurement periods are different for the stations.
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Table 2
The events that caused major flooding from Ronne River between 1981 and 2019.
Date Sea level (m) Flow (m%/s) Flooded area (ha) Special remarks
29/11/2015 1.88 64.0 90.0 The storm Gorm
27/11/2011 1.91 21.0 89.1 The First Advent Sunday storm
29/01/2002 1.39 152.0 88.9 Heavy rainfall and snow melt (SMHI)
11/01/2015 1.67 99.0 88.3 The storm Egon and moderately high rainfall
06/12/2013 1.84 34.0 87.7 The storm Sven
07/07/2007 0.43 209.0 87.0 Heavy rainfall (SMHI)

quadratic dependence on the wind speed, since wind setup is related to the surface shear stress that is a function of the square of the
wind speed. The main coefficients in these equations reflect the geometry of the bay, including the fetch length for the actual wind
direction. The difference between recorded sea levels at the Magnarp and Viken Stations for the common measurement period was
analyzed regarding wind speed and direction through regression analysis, and different relationships were established for each
segment with specific coefficient values based on the equation M.SL = V.SL + aW?, where M.SL = Magnarp sea level, V.SL = Viken sea
level, W = wind speed, and a = coefficient that depends on the wind direction.

The tidal effects are quite small but noticeable. The water level data for Viken Station were acquired through the SMHI open data
portal (SMHI 2020b), encompassing hourly values. Similar data were available for the other studied river reaches, but no local cor-
rections were needed in these cases, since the measurement stations were closer to the river outlets and more representative. Although
the sea level measurements were available on an hourly basis, the daily maximum value was employed in simulations to yield the
expected highest river level for a particular day.

Fig. 3 displays a scatter plot of the sea level inside Skalderviken Bay versus the flow in Ronne River for the studied 39-year time
series (daily values). The plot indicates some interrelationship between SL and Q, but the correlation is low and quantifying this
dependency is difficult, especially for the more extreme events that cause major flooding. The six most prominent events in terms of
generating the largest flooded areas are marked red in the figure, to be discussed more in a later section. The locations of these events in
the plot seem to fall beyond a certain envelope defined by a combination of SL and Q that decreases monotonically, with lower sea
levels being compensated by higher flow to produce a specific event with a certain return period. The simplified empirical equations
developed later in the paper may be used to approximately define such envelope curves (example of such curves are shown in Fig. 3 for
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Fig. 3. Scatter plot of measured sea level versus simulated river flow in the downstream part of Ronne River, where the events generating the six
largest flooded areas are marked together with envelope curves defining combinations of sea level and river flow that cause a certain water surface
elevation at a location 6000 m upstream the river mouth (curves derived from simplified empirical equations); sea level measurements are based on
the RH2000 elevation system.
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river water levels at a specific location).

3.2. Bathymetry and topography

Hydraulic models require detailed, accurate bathymetric and topographic data to produce reliable estimates of hydraulic char-
acteristics in connection with the modeling of floods (cf., Stoleriu et al., 2020). In this study, a high-resolution digital elevation model
was compiled by combining river bathymetric data and topographic data for Ronne River. Multibeam echo sounding (MBES) tech-
nology was used for the underwater (bathymetric) survey and Light Detection and Ranging (LiDAR) for the survey above water,
describing the banks of the river. The survey was conducted along a 12-km river stretch starting at the outlet at Skalderviken Bay and
ending at a bridge crossing the road E6. The vertical measurement uncertainty is about + 4.5 cm for a depth of 10 m from the
measuring point (MTE, 2020). The data sets aligned with the SWEREF 99 1330 coordinate system and the RH 2000 reference elevation
plane with a 0.5 m spatial resolution. The topographic data for the extended flood plains were obtained from the Swedish Land Survey
national model with 2 m spatial resolution (from LiDAR surveys) and combined with the river survey data. The topographic data show
absolute positional accuracy of at least 0.3 m in the plane and 0.1 m in elevation (Lantmateriet, 2022).

The bathymetric and topographic data for the other river reaches were obtained from previous modeling studies (MSB, 2015;
Sechu, 2015), typically encompassing less detailed measurements of the riverbed and banks than for Ronne River.

4. Modeling river flow and subsequent analysis
4.1. Modeling approach and implementation using HEC-RAS

The HEC-RAS model (Brunner, 2016; Cepiené et al., 2022; Sarchani and Tsanis, 2024) was used to simulate river hydraulics
including a varying sea level, employing a one-dimensional (1-D), quasi-steady approach and establishing 270 river cross-sections to
represent the bathymetry/topography of the 12-km Ronne River reach. Quasi-steady refers to input conditions changing with time, but
where simulations within each time step assume steady conditions. Such an assumption allows for rapid solution of the governing
equations where long time series of input data can be handled at rather modest execution times, which was critical in the present study.
Thus, some limits exist to spatial and temporal scales being properly resolved in the modeling and their coupling. The length of the
river reaches modeled were such that it may be assumed that steady-state conditions develop during the time step of interest (one day),
making the present approach satisfactory. However, for much longer river stretches, or rapidly varying flow, time-varying formula-
tions will be necessary.

The variation in the input flow conditions is the result of runoff from a large catchment, implying a gradual variation in the flow on
a daily time scale. However, the sea level is changing more rapidly, typically on an hourly time scale, but these changes are also rather
gradual, and the studied river stretch sufficiently short to respond in a manner compatible with a quasi-steady approach (it takes about
half an hour for a small disturbance to propagate from the river outlet to the upstream end of the reach at Ronne River).

Thus, the daily river flow obtained from SMHI was used as upstream input, and the derived daily maximum sea level at Magnarp as
the downstream boundary condition. The water level along the river and the flooded area were the key outputs from the model
simulations subjected to further analysis, although other hydraulic parameters such as velocity and shear stress were also available. For
the Ronne River, numerical simulations were conducted over a 39-year period from 1981 to 2019, resulting in over 14,000 simulations

Sea level Boundary Flow
(Magnarp & Viken, SMHI) > conditions (S-Hype, SMHI)
1981-2019 (Sea level) 1981-2019

Model Geometry 3 HECRAS 1D €— Calibration &
Setup Hydraulic Mode| €—————> Validataion

Model Output (1981-2019)

o Water levels
« Flooding area and map
¢ Hydraulic properties of flow

Fig. 4. Workflow chart for the HEC-RAS 1D model simulations.
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on a daily time scale. Fig. 4 schematically illustrates the work flow for the HEC-RAS 1D model simulations. In the cases of Hoje River
and Séve River, hydraulic simulations were performed using model setups developed in previous studies. A 10-km HEC-RAS 1D model
was created for Hoje River by converting a MIKE 11 model developed by MSB (2015), and the simulations were conducted over the
period 2011-2019. For Save River, a 13-km HEC-RAS 1D model from Sechu (2015) was employed to perform hydraulic simulations for
the period 2013-2019. The HEC-RAS 1D models for both Hoje and Save Rivers were not specifically calibrated and validated in this
study, since this had already been done in the previous applications.

4.2. Calibration and validation

In the calibration process of hydraulic modeling, the value of the roughness coefficient is typically adjusted by fitting simulated
water surface elevations (WSE) to observed elevations at different locations (Brunner, 2016; Pinos and Timbe, 2019; Bessar et al.,
2020). In this study, for model calibration and validation, the daily maximum water level measured at Pyttebron (a bridge), located
about 4.5 km upstream of the coastal outlet was compared to the corresponding water level simulated by the HEC-RAS model for the
period from 2011/03/08-2014/05/07. This period was selected since sea level measurements were available at the Magnarp Station
(set as the downstream boundary condition), avoiding additional uncertainty in the model input resulting from using the empirical
equations to account for the local wind setup when the Viken Station is used. The first year in the studied period was used for cali-
bration, whereas the remaining period (about two years) was employed for validation.

For simplicity, the main channel and the flood plain roughness conditions were assumed to be uniform but different, resulting in
optimal calibrated values for the Manning coefficient of 0.028 and 0.040, respectively. Figs. 5 and 6 illustrate the performance of the
model for the entire period by comparing simulated and measured water levels. Fig. 6 illustrates the results for the calibration and
validation periods, where the coefficient of determination (Rz) for the calibration period is 0.95 and for the validation period 0.92. The
similarity of these two values indicates a satisfactory model validation. In addition, the root-mean-square error (RMSE) and mean bias
error (MBE) were computed for both the calibration and validation phases to further assess the hydraulic model performance. The
RMSE and MBE values were 0.07 and —0.030 for the calibration, and 0.07 and —0.035 for the validation, respectively. These results
suggest that the errors in both calibration and validation are relatively low, with a slight negative bias indicating that the simulations
tend to slightly overpredict the measurements on average. However, this bias is minimal and does not significantly impact the overall
accuracy of the model.

4.3. Dominance and extreme value analysis

Dominance Analysis (DA) was used to find the relative, overall influence of SL and Q on the river water level along the studied
reaches. The original theory was introduced by Azen and Budescu (2003), whereas the program employed here for the DA was
developed by Shekhar et al., (2018). DA computes the percentage relative importance of the predictors based on pseudo R-squared (R?)
contribution of the individual, average partial, and interactional dominance of the predictors through multiple regression analysis
(Shekhar et al., 2018).
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The statistical program R (R Core Team, 2013) was used for frequency analysis of river flow, sea level, and different output
quantities from the model simulations (e.g., river water levels, flooded area). A special package called extRemes with graphical user
interface in2extRemes (Gilleland, 2020) was employed for the extreme value analysis (EVA) by considering a suitable distribution of
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block maxima (Coles, 2001).
5. Results
5.1. Flooded area

The inundation maps obtained from the HEC-RAS simulations show the spatial extent of flooding along the river reach for the
simulation period of 39 years. The SL data used in this study represent daily maximum values, whereas the Q data are provided on a
daily scale. The simulation results clearly illustrate the dependence of the flooded area on both SL and Q, and how the inundated area
changes according to their compound influence. A maximum simulated flooded area of 90 ha was obtained on 29 Nov 2015 when the
storm Gorm hit southwest Sweden. At that time the maximum recorded gust wind speed at Hallands Vadero was about 40 m/s, an
event with a predicted return period of just over 25 years (SMHI, 2015). In comparison, the flooded area (i.e., covered by water) for
average flow and mean sea level is about 43 ha. Table 2 summarizes basic information about the six events that caused the largest
floods along the studied reach. Fig. 7 illustrates the inundation maps for these events. The major flood-prone areas are in the
downstream part of the river stretch, where low-lying areas are present. The complex relationship between SL and Q causing the
flooding is clearly indicated by the simulations.

As an example of the interaction between SL and Q, in July 2007 the Ronne River basin experienced unusually heavy rainfall with
the highest flow being 209 m®/s in the downstream reach. The monthly rainfall was over 200 mm, which is 250 % higher than the
average precipitation in July. However, due to rather normal sea level conditions, the water levels were not the most extreme in the
downstream part of the river during this period.

Fig. 8 shows a comparison between the water surface elevations (WSE) for the six major events summarized in Table 2. Although
the inundated area only showed slight differences among these events, the plotted WSE clearly displays the effect of sea level and flow
on the water levels in the river, as well as the flooding extent spatially. High sea levels cause flooding in the downstream part of the
river, whereas high flows cause similar floods in the upstream part. Note that the six largest flood events typically do not correspond to
the six events with the largest WSE at a specific location.

EVA was performed regarding the annual maximum flooded area extracted from the simulated time series with HEC-RAS. A
generalized extreme value distribution was fitted to the data and the optimum parameters estimated using a maximum likelihood
approach. The optimum shape parameter indicated that a Gumbel distribution fits well and was the preferred distribution to employ,
which was also confirmed by comparing the Akaike and Bayesian information criteria for different distributions (Laio et al., 2009). By
using the simulated data from a long time series, the compound effects on the flooding were properly represented and the EVA became
straightforward yielding appropriate return periods for the flooded area.

5.2. Influence of sea level and flow on river water level

The influence of SL and Q on river water levels in the studied coastal reaches was determined through DA based on the entire
simulation period and at different locations. For Ronne River, the results show that the sea level in Skalderviken Bay affects water
levels throughout the 12-km reach from the coast, although the influence is largest downstream. The influence of SL and Q has almost
equal effect around 5 km from the coast (see Fig. 9).

Similarly, DA was carried out for the studied coastal reaches of Save River and Hoje River. For Hoje River, a 10-km HEC-RAS 1D

= 29 Jan 2002 07 Jul 2007 == 27 Nov 2011 = 06 Dec 2013 = 11Jan 2015 = 29 Nov 2015
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Fig. 8. Simulated water surface elevation along Ronne River reach for six major flooding events recorded during the period 1981-2019 as described
in Table 2.
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model was developed by converting a MIKE 11 model developed by MSB (2015). For Save River, a 13-km HEC-RAS 1D model was
employed from (Sechu, 2015), who in a previous modeling study focused on sediment transport and erosion in the river. In the case of
both Hoje and Save Rivers, the influence of sea level is dominant downstream, and from about 6 km the flow mainly influences the
water level (Fig. 10).

5.3. Simplified modeling procedure

To develop a simplified method to predict river water levels, multiple linear regression analysis was performed by using WSE
acquired from model simulations versus corresponding input of SL and Q. For that, 45 different model simulations were used by
combining various SL and Q. The flows were selected in the range between maximum and minimum input flows. Similarly, sea levels
were chosen between high and low observed values (above MSL). The approach taken is similar to developing a stage-discharge curve
(Herschy, 1998) often used in engineering hydrology, but where the WSE in the river is obtained from the flow (and not vice versa) and
also includes the sea level (cf., Jones et al., 2019; Lee et al., 2021). In addition, the data for the curve was obtained from a validated
numerical model and not actual measurements (Rantz, 1982). The empirical equations derived were of simple, algebraic type to allow
for easy application, as opposed to presenting relationships in graphical form, employing advanced statistical methods in the data
analysis (e.g., Le Coz et al., 2014). Since the equations are derived from the quasi-steady modeling, gradual variations are assumed and
dynamic effects are not included (Dottori et al., 2009).

Based on simple theory and previous studies, it is noted that when the flow is completely dominant, the WSE follows the flow to a
certain power. However, if both SL and Q influence the water level, it was observed in the present study that a linear equation yields
satisfactory results. In the case of Ronne River, the developed set of simplified equations were linear over the entire studied reach (y =
a + bSL + cQ, where y is WSE in the river, SL sea level, Q flow, and a, b, ¢ are empirical coefficients valid for a particular location;
specific values are not given here). However, for the Hoje River and Save River cases, the simplified equations were only linear in the
downstream part of the reach; when influence of sea level was negligible further upstream, power equations based on the flow yielded
better agreement (y = cQ™, where m is an empirically determined power).

Fig. 11 illustrates predictions of the WSE based on HEC-RAS simulations and using simplified equations for different locations along
the Ronne, Hoje, and Save River reaches, including the values on the coefficient of determination. The accuracy of the simplified
equations for each river was evaluated using the coefficient of determination (RZ), root-mean-square error (RMSE), and Mean Bias
Error (MBE). For Ronne River, the validity of the empirical equations was investigated by comparing 39 years (1981-2019) of
simulated WSE with estimated WSE from the simplified linear equations when the sea level was above 0.0 m (focus was on higher river
water levels). It is acknowledged that for cases with combinations of very high sea level and very low flow, and very low sea level and
very high flow, the simplified method provides less good agreement.

An extreme value analysis was performed using the Gumbel distribution on 39 years (1981-2019) of simulated WSE and the WSE
estimated from the simplified equations for the Ronne River, see Table 3. The objective of this analysis was to quantify the error in
cases where the variation in WSE is low. The MBE for location KP 4000 is 0.08 m, for location KP 7500 0.04 m, and for location KP
11000 -0.001 m. Overall, the MBE suggests that the simplified equations yield relatively low errors, indicating their effectiveness in
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Fig. 9. The relative importance of sea level and flow on water levels along the studied Ronne River reach determined through dominance analysis.
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Fig. 10. The relative importance of sea level and flow on water levels along the studied Hoje and Save River reaches determined through domi-
nance analysis.

estimating WSE with low variation.

For Hoje River, the validity of the simplified equations was investigated with nine years of simulated WSE from HEC-RAS
(2011-2019) when sea level was above 0.0 m and flow was greater than 2 m3/s. For Sive River, the validity was checked with
seven years (2013-2019) for sea levels above 0.0 m. In general, Hoje River flows are lower than for the other two studied rivers; when
the flow is very low, the simplified equations yield higher uncertainties in the water level predictions. In Save River for cases involving
combinations of very high sea level and very low flow, and very low sea level and very high flow, the uncertainty is larger. For both
Hoje and Save reaches, power equations were used for distances of more than 6 km upstream the river outlet.

The simplified equations represent the combined effects of SL and Q on the WSE, thus making it possible to use these equations to
derive a return period for a specific WSE event in terms of the two drivers. As example, Fig. 3 includes curves for different return
periods regarding the WSE 6000 m upstream the mouth of the Ronne River using the simplified equation. From these curves it is
possible to identify combinations of SL and Q that yield a specific WSE at a certain location considering compound effects. However, it
should be noted that although the fit of the simplified equations to the HEC-RAS simulations are typically satisfactory, extreme events
might not be as well represented, but rather an overall agreement with the simulation results is achieved. Thus, the simplified
equations may fail to accurately describe events with longer return periods, if these equations do not agree well with the simulations
for the more extreme events.

6. Discussion

The methodology developed in this study can be adapted and implemented in other river sections near coastal areas with similar
characteristics. The general input parameters needed to develop a hydraulic model and subsequent simplified equations, along with
the resulting output parameters, are summarized in Table 4.

Sea level rise may be important to consider, especially in the context of ongoing climate change. The global sea level has risen by an
average of 15-25 cm between 1901 and 2018, with variations across different regions (Fox-Kemper et al., 2021). In Sweden, the
average sea level rise since 1900 is approximately 15 cm, moderated by the effects of land mass uplift (SMHI, 2022). However, climate
change projections indicate that global sea levels could rise by 63-101 cm at the end of the 21st century under the SSP5-8.5 scenario
(Fox-Kemper et al., 2021). The SMHI sea level measurements show that the mean sea level near the Ronne River outlet increased by
8.1 cm between 1981 and 2019. The present study utilized measured sea level data that already captured this rising trend, incor-
porating it as a boundary condition in the hydraulic simulations. The projected sea level rise for a specific region can easily be
incorporated into the developed site-specific simplified equations when determining water levels along the river. The Swedish coast
experiences low amplitude astronomical tides, so these were not a major focus in the present analysis. However, if this methodology is
applied to a coastal region where astronomical tides are significant, they should be carefully considered and incorporated into the
modeling.

In this study, a 1D model was used due to the need for long-term simulations when evaluating the flood properties. Utilizing a 2D
model would have required more processing time, as well as more detailed input data not available, for this application. However, the
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Fig. 11. Scatter plots of water surface elevation from HEC-RAS simulations and predictions with simplified equations at different locations along the
Ronne, Hoje and Save River reaches (KP refers to the distance from the river mouth going upstream).

Table 3

Extreme value statistics of simulated and simplified water surface elevation for selected locations in Ronne River.
Location KP 4000 m KP 7500 m KP 11000 m
Return period WSE simulated (m) WSE simplified (m) WSE simulated (m) WSE simplified (m) WSE simulated (m) WSE simplified (m)
2 1.41 1.34 1.82 1.76 213 2.08
5 1.67 1.60 2.23 2.18 2.62 2.59
10 1.85 1.78 2.50 2.45 2.95 2.94
25 2.08 1.99 2.84 2.80 3.37 3.37
50 2.24 2.15 3.09 3.06 3.67 3.69
100 2.41 2.32 3.34 3.32 3.98 4.01
200 2.57 2.48 3.60 3.57 4.28 4.33
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Table 4
The input and output parameters relevant for hydraulic simulations and simplified equations in the present study.
Model application HEC RAS Hydraulic model Simplified equations
Input parameters River flow River flow
Sea level (tide, surge)
Bathymetry Sea level
Topography
Roughness coefficient
Output parameters Water surface elevation Water surface elevation
Flooded area
Flow velocity Flooded area

Shear stress

study acknowledges that in areas with flat terrain and rapid response, which are different from the case study locations included here,
employing a 2D model or a combination of 1D and 2D models would enhance accuracy in the simulations and for the development of
the simplified equations.

7. Conclusions

The main objectives of the present study were to develop and validate a methodology to quantify the compound effects of SL and Q
on river-induced flooding in coastal areas, where statistical measures of flood properties to be used in risk analysis are properly
estimated. The approach taken encompassed simulations with the hydraulic model HEC-RAS for a long time series of input data on SL
and Q, yielding a corresponding output that was subjected to statistical analysis. The alternative to describe the joint probability of
occurrence for the drivers of flooding, including their inter-relationships and possible time shifts, followed by the use of a simulation
model, presents theoretical challenges. In addition, return periods derived for combinations of drivers do not typically produce model
outputs having the same statistical properties.

The methodology was implemented for three rivers in southern Sweden, where detailed data on sea level, flow, and river ba-
thymetry and topography were available, with special focus on Ronne River. The output from the long-term simulations displayed the
complex relationship between the variation in the main drivers (e.g., SL and Q) and the flood properties. Similar areas of flooding were
observed for large sea levels and ordinary flows as for ordinary sea levels and large flows, although the specific location of the flooding
varied. Overall, the investigation indicated the difficulties in performing statistical analysis of the drivers for flooding that will define
events with specific return periods relevant for the flood properties.

Dominance analysis was also carried out for the three studied river reaches to quantify the average influence of SL and Q on the
river water level moving from the outlet and upstream. This type of analysis will reveal how far upstream in coastal river reaches that
the sea level needs to be considered in hydraulic simulations. Finally, simplified equations were derived from HEC-RAS simulations to
predict the river water level at any location from SL and Q. Such equations may be used by stakeholders to forecast flood events or in
risk assessment where many alternatives need to be considered.

In summary, the methodology employed worked well and was efficient for the study sites included, producing the results needed
for the specific cases discussed. The methodology has a potential for application to sites with similar characteristics as the ones
involved in the present study. It is recognized that the present study involved several limitations that will require additional efforts in
terms of data, modeling, and subsequent analysis if they are to be overcome. For example, here a quasi-steady approach was taken,
assuming that the studied reach was sufficiently short, and the input flow slowly varying, to allow for equilibrium to occur during a
specific flow time step.
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