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ABSTRACT

Sea level (SL) and river flow (Q) are the primary factors that influence the water surface elevation (WSE)
along a river in coastal areas. However, quantifying the combined effects of SL and Q on WSE is not
straightforward due to the different behavior of these factors and their complex inter-relationship. Although
the joint probability of the simultaneous occurrence on SL and Q can be quantified, there is no guarantee that
the resulting WSE has the same probability as the combination. In this study, an alternative methodology was
developed to quantify the compound effects of SL and Q on WSE along a river using the output from numerical
simulations using long-term input series for SL and Q. Based on such simulations, empirical relationships were
developed to directly determine WSE from SL and Q based on statistical analysis. The study was conducted
over an 11-km stretch of the Ronner River in southern Sweden. The HEC RAS 1D hydraulic model was used
for the numerical simulations. The results showed how the influence of SL decreases upstream, as well as
increasing influence of Q. Around 5 km from the coast, SL and Q have nearly equal influence on WSE.

Keywords: Compound effects, Sea level, River flow, Numerical simulations

1. Study Area and Methodology

The study was conducted for an 11-km long stretch of the Ronne River, starting at the coast and extending
through the city of Angelholm located in southern Sweden (see Fig. 1a). The Rénne River is approximately 83
km long and drains a catchment area of 1,922 km?. The river catchment encompasses both coastal and inland
climatic conditions, with an annual average temperature of 7.2 °C and a mean annual rainfall of 860 mm.
Ronne river discharges its water into the Kattegat Sea through the Skélderviken Bay.
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Fig. 1. a) Map of modelled stretch of Rénne River; b) Workflow chart for the HEC-RAS 1D hydraulic model simulations and post analysis.
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Figure 1b outlines the methodology used in the study. Sea level (SL) and river flow (Q) data for the period
1981-2019 were obtained from the Swedish Meteorological and Hydrological Institute. The SL data were
derived from direct measurements, whereas the Q data were simulated using the S-HYPE hydrological model.
The SL values range from —0.58 m to 1.91 m, and the Q values range from 2 m*/s to 209 m*/s. River bathymetry
data with a spatial resolution of 0.5 m were provided by Angelholm municipality, whereas topography data
over the floodplain with a 2 m resolution were obtained from the Swedish Land Survey. A total of 39 years of
daily simulations were conducted using the HEC-RAS 1D hydraulic model (Inamdeen and Larson, 2024). The
model was calibrated and validated using three years of measured water level data at a location 4.5 km from
the coast. The water surface elevation (WSE) from the HEC RAS output, at every 500 m interval along the
river, were subjected to statistical analysis to determine the compound effects of SL and Q. Furthermore, the
WSE values at selected locations were used for frequency analyses (FA).

2. Selected Results

The statistical analysis showed that the influence of SL on WSE is greater than that of Q up to approximately
5 km from the coast. At around the 5-km mark, both drivers exert a similar influence on the WSE, after which
the influence of SL gradually decreases in the upstream direction. In contrast, the influence of Q increases
progressively from the coast toward the upstream areas, as shown in Fig. 2a. Subsequently, an analysis was
conducted to derive empirical relationships to determine WSE at selected locations using SL and Q directly as
inputs. The linear equations developed are in the form WSE = a-SL + b-Q + ¢, where a, b, and ¢ are site-
specific coefficients. These simlified empirical equations enable rapid estimation of WSE for given SL and Q
values, which allows for convenient and rapid forecasts of water levels and flooded areas.

These empirical relationships and results from FA were used to derive envelope curves, which give the
combinations of SL and Q that are required to determine return periods (T) for WSEs along the river. For
example, Fig. 2b presents a scatter plot of daily SL and Q values over the 39-year period, together with
envelope curves for several T at a location 6 km from the coast (marked in Fig. 1a). This provides an overview
of the compound effects of SL and Q on WSE at this location. Several historical extreme events in the Ronne
River that resulted in the largest flooded areas are highlighted in Fig. 2b as red dots. These results show that
different combinations of SL and Q can lead to flooding in the coastal reaches, and multiple SL and Q
combinations can develop similar WSE values based on the location along the river.
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Fig. 2. a) The influence of SL and Q on WSE along the modelled stretch of Ronne River, b) Scatter plot of SL and Q for 39 years and
developed curves with SL and Q combinations for the location 6 km from the coast.
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