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Abstract Deterministic rainfall-runoff modelling usually assumes stationary hydrological 

system, as model parameters are calibrated with and therefore dependant on observed data. 

However, runoff processes are probably not stationary in the case of a probable maximum 

flood (PMF) where discharge greatly exceeds observed flood peaks. Developing 

hydrodynamic models and using them to build coupled hydrologic-hydrodynamic models can 

potentially improve the plausibility of PMF estimations. This study aims to assess the 

potential benefits and constraints of coupled modelling compared to standard deterministic 

hydrologic modelling when it comes to PMF estimation. The two modelling approaches are 

applied using a set of 100 spatio-temporal probable maximum precipitation (PMP) 

distribution scenarios. The resulting hydrographs, the resulting peak discharges as well as 

the reliability and the plausibility of the estimates are evaluated. The discussion of the results 

shows that coupling hydrologic and hydrodynamic models substantially improves the 

physical plausibility of PMF modelling, although both modelling approaches lead to PMF 

estimations for the catchment outlet that fall within a similar range. Using a coupled model is 

particularly suggested in cases where considerable flood-prone areas are situated within a 

catchment. 

Keywords Model coupling, hydrodynamic model, PMP, PMF 

1. Introduction 



  

2 

 

 

Safety is a priority for communities when it comes to sensitive or potentially hazardous 

infrastructure like hydropower dams or nuclear power plants. In some cases, legal 

requirements define that such infrastructure has to be protected against any conceivable 

natural hazard that could occur. Therefore, governmental institutions as well as insurance 

companies are interested in a quantification of the possible worst-case scenario. Thus, 

various approaches for calculating the probable maximum flood (PMF) have been developed 

and applied in the course of the last several decades. 

The World Meteorological Organization (WMO) defines the PMF as “the theoretical 

maximum flood that poses extremely serious threats to the flood control of a given project in 

a design watershed.” It is derived by converting the probable maximum precipitation (PMP) 

into runoff (WMO 2009). The concept and the uncertainty of PMP estimation has been 

assessed in several recent studies (Micovic et al. 2015; Papalexiou et al. 2013; Salas et al. 

2014). The PMP is usually converted to the PMF using deterministic hydrological models 

calibrated with observed data (e.g. Beauchamp et al. 2013; Kienzler et al. 2015; Zeimetz et 

al. 2015). This method assumes the hydrological system to remain steady, meaning that the 

system behaviour during the calibration period or the calibration event is presumed to be the 

same as it is during a PMF event. However, this assumption is questionable, since many 

protection measures are dimensioned to protect against design floods with return levels of 

100 or 300 years. As soon as a catchment-specific threshold is reached, the system may no 

longer be steady (Sivakumar 2009). At or beyond this threshold, new emerging retention 

areas (Lammersen et al. 2002), new flow paths (Huang et al. 2007; Vorogushyn et al. 2012) 

and changing runoff processes (Rogger et al. 2012a, 2012b) can strongly affect the 

hydrograph shape and the peak discharge, due for example to failing protection measures or 

overflowing lateral dams. The peak discharge of a PMF is expected to exceed such 

catchment specific thresholds, making these factors relevant for PMF calculation. In the 

present study, we focus on such non-stationarities in the runoff process that are due to 

retention and inundation processes. 
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In contrast to a hydrologic model, a hydrodynamic model can be used to simulate the runoff 

process in complex terrain settings and wide floodplains in a more physically based way and 

may be more robust in cases when discharge exceeds the range of the observed data. This 

is due to the fact that in hydrodynamic modelling routing is calculated by solving the 

physically based Saint-Venant equations at every calculation node within the model domain. 

In contrast, a hydrologic model calculates the routing rather conceptually, e.g. using a 

sequence of single linear storages in the HBV model (Bergström 1995). The application of a 

hydrodynamic model allows for the consideration of the effects of retention areas, dykes, 

bridge piers and other physical obstacles. Numerous studies show that hydrodynamic 

models are particularly useful for considering retention effects due to floodplain inundation 

(Dutta et al. 2013; Meire et al. 2010; Skublics et al. 2014) and dyke breaches (Apel et al. 

2009, Vorogushyn et al. 2010). Therefore the application of a hydrodynamic model 

potentially increases the plausibility of extreme flood estimations. Considering such retention 

effects in extreme flood estimations can be either trivial or of crucial importance, depending 

on catchment and riverbed characteristics. However, it is assumed that inundation and 

retention effects become non-negligible when it comes to PMF. This assumption can be 

checked by applying synthetic design hydrographs with various peak discharges (Serinaldi 

and Grimaldi 2011) in a hydrodynamic model. This enables the identification of thresholds for 

the presence of widespread inundation and retention processes. 

When calculating the PMF, the unsteadiness of the hydrological system that is induced by 

retention and inundation effects can be accounted for by coupling hydrologic and 

hydrodynamic models. This technique is particularly promising when the expected peak 

discharge may considerably exceed the observed maximum discharge or the river discharge 

capacity. A hydrologic model is used to determine the conversion from rainfall to runoff for a 

number of sub-catchments. The resulting hydrographs are used as upper boundary 

conditions of a hydrodynamic model. With computation power increasing over the past 

decade, coupled modelling approaches have been developed for flood estimation. Several 

case studies (e.g. Biancamaria et al. 2009; Bonnifait et al. 2009; Kim et al. 2012, Laganier et 
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al. 2014; Lian et al. 2007) show the applicability of coupled hydrologic-hydrodynamic models 

in reconstructing observed flood events. A case study by Castro-Bolinaga and Diplas (2014) 

confirms the applicability of a hydrodynamic model for modelling extreme floods.  

Despite the potential of coupling hydrologic and hydrodynamic models to increase the 

physical plausibility of PMF estimation, there is no systematic assessment of the effects of 

model coupling on PMF estimation. Although several above cited studies have shown that 

the application of a coupled hydrologic-hydrodynamic better represents inundation and 

retention processes than hydrological modelling alone, the influence of the choice of the 

modelling approach on PMF estimation itself remains unclear. The aim of the present study 

is therefore to evaluate whether coupling hydrologic and hydrodynamic models improves the 

plausibility of PMF estimation. This is done in three steps: 

• The existence of catchment-specific thresholds for non-steady runoff processes is 

assessed by forcing a hydrodynamic model with a continuous series of synthetic 

design hydrographs. This process allows for the identification of catchment-specific 

thresholds for widespread inundations that lie beyond the design flood levels.  

• The PMP is fed into a deterministic semi-distributed hydrologic model. This is the 

most common PMF estimation method (e.g. Beauchamp et al. 2013; Kienzler et al. 

2015; Zeimetz et al. 2015). 

• The same PMP is fed into a deterministic semi-distributed hydrological model which 

is externally coupled to a hydrodynamic model.  

The hydrographs generated with the coupled model are then compared to the hydrographs 

generated with the standard hydrologic model using the same precipitation input. In this way, 

the applicability of both modelling approaches in terms of PMF estimation can be compared. 

The results are interpreted through the identification of catchment-specific discharge 

thresholds for inundation and retention effects. This comparison of a hydrologic and a 

coupled hydrologic-hydrodynamic model in terms of PMF estimation contributes to a better 

understanding of the effect modelling approach selection on the resulting estimation, and 

therefore it informs the setup of future PMF studies and applied PMF estimations. 
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2. Study area 

2.1 Physical characteristics and data availability 

The study area is the Aare catchment at the northern edge of the Swiss Alps. It covers an 

area of about 3000 km2 and its mean elevation is about 1600 m a.s.l. A map of the study 

area is shown in Fig. 1. The catchment can be roughly divided into an upper section and a 

lower section. The upper section of the catchment consists of a steep mountainous and 

partly glaciated landscape. The sub-catchments in this mountainous area drain directly into 

two connected lakes that cover 30 and 49 km2 and that are partially regulated. The outflow of 

the lower lake crosses over into the lower part of the catchment, which is a relatively wide 

valley with extensive flood-prone areas. 

The mean annual rainfall in the catchment amounts to 1500 mm, of which 500 mm evaporate 

and 1000 mm are discharged. The discharge regime is influenced by the presence of 

glaciers that cover about 8% of the total area, meaning that mean discharge is relatively low 

(70 m3s-1) in winter and relatively high (180 m3s-1) in summer. The catchment is well-

researched and its hydrology is relatively well-known as a result of numerous studies that 

have been completed in the area (e.g. Roessler et al. 2014; Wehren 2010). The highest 

observed peak discharges during the observation period 1918-2015 have been well 

documented and reconstructed by the Swiss Federal Office for the Environment (FOEN 

1991; FOEN 2000; FOEN 2008; FOEN 2009). 

Meteorological data are provided by the Swiss Federal Office for Meteorology and 

Climatology (MeteoSwiss). Hourly time series from 30 stations that are situated within or 

near the catchment were used for calibration of the models. Discharge data are provided by 

the Swiss Federal Office for the Environment (FOEN) and the Bernese State Office for Water 

and Waste (AWA). For the catchment outlet, the time series covers 98 years (1918-2015) in 

daily resolution and 42 years (1974-2015) in hourly resolution. Within the catchment, there 

are 18 gauging stations with hourly resolutions, most of them covering more than 50 years. 

For the two lakes that are situated within the catchment, hourly resolved lake level time 

series are available from 1974 to 2015.  
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2.2 Division into sub-catchments 

For modelling purposes, the catchment can be divided into 13 sub-catchments, as shown in 

Fig. 1. Eight of them are situated in the upper part of the catchment and drain into one of the 

two lakes. The other five sub-catchments are situated in the lower part of the catchment and 

drain directly into the Aare River. Two additional areas within the catchment are constituted 

by the two major lakes themselves. The main flood-prone areas are located around the two 

lakes and in the lower part of the catchment along the main river. 

3. Methods 

This study was carried out in four steps. First, synthetic design hydrographs were calculated 

and modelled hydrodynamically, allowing for the examination and identification of catchment-

specific thresholds for widespread inundation. Next, PMP scenarios that could be used to 

force the two different modelling approaches were generated. Finally, two modelling 

approaches were applied. The first approach entails the use of a deterministic hydrological 

model that was set up for the catchment. The second approach entails hydrological 

modelling of the sub-catchments within the catchment, where the hydrographs of the sub-

catchments were used as upper boundary conditions for a subsequent hydrodynamic model. 

An overview of the river network, the coupling points between the hydrologic and 

hydrodynamic models and the spatial range of the hydrodynamic model is provided in Fig. 1.  

3.1 Derivation and application of synthetic design hydrographs 

Synthetic design hydrographs for the Aare catchment were derived using the guidelines 

proposed by Serinaldi and Grimaldi (2011). The synthetic unit hydrograph was calculated by 

fitting a two parametric gamma distribution as described by Nadarajah (2007) and Rai et al. 

(2011) to the structural hydrograph depicted by Serinaldi and Grimaldi (2011). The procedure 

was applied to generate synthetic design hydrographs for a continuous series of peak 

discharges in intervals of 50 m3s-1. The synthetic design hydrographs were used as upper 

boundary conditions for the lower part of the hydrodynamic model (lower 30 km of total 80 

km, orange cross sections in Fig. 1). The application of synthetic design hydrographs in the 
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hydrodynamic model is based on the assumption that the full discharge volume flows through 

the lower part of the hydrodynamic model, which is not necessarily the case due to lateral 

inflows between the upper and lower boundaries of the hydrodynamic model. However, it is 

assumed that possible discharge thresholds for the occurrence of inundation and retention 

effects can reasonably be identified. The synthetic design hydrographs that are used as 

upper boundary conditions can be directly compared to the according hydrograph that results 

as lower boundary condition. As long as the discharge stays in the riverbed, the shape of the 

hydrograph is expected to stay unchanged, apart from a small temporal shift that results from 

the flow duration between the upper and the lower boundary of the hydrodynamic model and 

a slight flattening of the wave. As soon as the riverbed capacity at a certain point within the 

catchment is exceeded, new retention areas are wetted and new flow paths occur, changing 

the shape of the downstream hydrograph. By applying various hydrographs with differing 

peaks, thresholds for various points along the river at which the riverbed capacity is 

exceeded can be identified.  

3.2 PMP estimation and spatio-temporal representation 

The PMP for the event durations of 12 h, 24 h, 48 h, and 72 h were estimated following 

WMO guidelines (WMO 2009). In order to identify the distributions that may cause the 

highest peak discharge at the study area outlet, the spatio-temporal distribution of the 

estimated PMP was deduced using a Monte-Carlo approach (Felder and Weingartner 2016). 

Numerous randomly generated, physically plausible spatio-temporal distributions were tested 

by applying a hydrologic model where the random distribution was restricted to consider 

internal dependencies and correlations. In this case, approximately 106 PMP distributions 

were tested with the total precipitation amount held constant. The 100 physically plausible 

distributions that led to the highest peak discharges were considered most severe and are 

therefore applied in this study. The sample size of 100 spatio-temporal distributions is a 

compromise between the need for a large representative sample of distributions on the one 

hand and available computation power on the other. To ensure identical initial conditions for 
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all model runs, the same observed meteorological environment was applied in modelling 

runs for each precipitation distribution. The meteorological environment represents medium 

summer conditions in terms of antecedent moisture. Summer conditions are used because 

the highest PMP estimation is based on summer atmospheric conditions.  

This approach was chosen because it enables the derivation of a high number of slightly 

varying precipitation distributions. Applying a high number of varying PMP input scenarios 

allows for an assessment of the two different modelling approaches that is not dependent on 

how input data are chosen. 

3.3 Hydrologic model PREVAH 

The hydrologic modelling was done using PREVAH (Viviroli et al. 2009a), which is a 

deterministic, semi-distributed, HRU-based hydrological model that makes calculations on 

hourly time steps. The model structure is comparable to that of the well-known HBV model 

(Bergström 1996) in which incoming precipitation in liquid or solid state passes a cascade of 

linear storages. Information about temperature, global radiation, sunshine duration, vapour 

pressure and wind speed are required for the calculation of the evapotranspiration. The 

model has been extensively tested and applied in studies that deal with extreme hydrological 

events (FOEN 2009; Orth et al. 2015; Viviroli et al. 2009c; Zappa et al. 2015). These studies 

demonstrate the applicability of PREVAH to catchments like the Aare catchment. In the 

PREVAH model, the HRU’s are directly routed to the catchment outlet. After modelling, 

additional routing can be applied by sequentially running several sub-models and 

incorporating intermediate lake modules that represent the lakes as single linear storages. In 

this study, the sub-catchments (see Fig. 1) were independently modelled. Sub-catchments 

that drain into a lake were fed into the respective lake module. The sub-catchments situated 

between the lower lake and the catchment outflow were fed into an additional routing 

module. 

The model has 12 parameters to be calibrated. The gauged sub-catchments were calibrated 

using the PEST calibration tool developed by Doherty (2015). Information about parameter 
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uncertainty and parameter sensitivity are provided by Viviroli et al. (2009b). The resulting 

NSE was between 0.70 and 0.92 for the calibration period (2001-2010) and between 0.65 

and 0.88 for the validation period (2011-2014). The free parameters for the five ungauged 

contributing sub-catchments were estimated using the parameter regionalization approach 

developed by Viviroli et al. (2009c). Although it is not possible to evaluate this kind of 

parameter estimation specifically for ungauged catchments, Viviroli et al. (2009c) 

demonstrates that the parameter regionalization approach is appropriate.  

3.4 Hydrodynamic model BASEMENT 

The hydrodynamic model BASEMENT is a free hydrodynamic modelling system. The model 

is based on the continuity equation and solves the Saint-Venant equations for unsteady one-

dimensional flow. A detailed derivation of the mathematical model applied in BASEMENT is 

illustrated in Vetsch et al. (2015). 

In order to consider floodplains and storages outside the riverbed, the river cross sections 

were expanded to potential flood-prone areas. Cook and Merwade (2009) show that this 

procedure is advisable for modelling flood wave propagation, although the spatial details of 

the simulation of inundation depth and area are not as exact as in a 2D modelling 

environment. Cross sections of the riverbed and the directly adjacent levees were provided 

by the Swiss Federal Office of Environment FOEN. These cross sections were expanded to 

potential flood-prone areas beyond the levees using data from a digital elevation model with 

0.5 m resolution and a vertical accuracy of 0.2 m. Considering the aim of this study, this 

resolution is sufficient for hydrodynamic modelling outside the riverbed because topographic 

details with major influence on flow paths and flow behaviour are sufficiently incorporated 

(Cook and Merwade 2009; Mejia and Reed 2011). The cross sections were set straight and 

perpendicular to the flow direction with average cross section spacing of approximately 150 

m, as recommended in studies of other catchments (Ali et al. 2015; Castellarin et al. 2009; 

Samuels 1990).  
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The hydrodynamic model was calibrated by empirically adjusting the Strickler coefficients 

(kstr). The values were adjusted by reconstructing the water surface elevation and the 

propagation time of the peak discharge of observed flood events. Particular attention was 

given to the peak discharge and the time to peak at different gauging stations along the river. 

The kstr values were set between 33 and 45 in the riverbed and between 22 and 30 in the 

floodplains outside the riverbed. Additionally, hydrodynamic parameters that define the 

characteristics of weirs (factor µ of the Poleni equation) and pipes (contraction factor) were 

adjusted. The artificial lake management tools were set in a way that the discharge out of the 

lakes was maximized, as this is likely to be the case during flood events. The hydrodynamic 

model was then able to reconstruct the rating curve at the catchment outlet with an error of 

±2 cm in water level for observed flood events. In the range of a typical flood event, this 

corresponds to an error of approximately ±5 m3s-1 or 1% of discharge, which is comparable 

to the error of the gauging station of about ± 1 cm (FOEN 1998). The error is assumed to be 

slightly higher in the PMF case during which areas would be affected that were not flooded 

during the calibration flood events. 

3.5 Model coupling 

The outputs of the hydrologic model are fed into the hydrodynamic model as upper boundary 

conditions or as lateral inflows. The model coupling is external, which means that there is no 

direct interaction between the models and backwater effects are only involved within the 

spatial range of the hydrodynamic model. The range of the hydrodynamic model was set to 

incorporate all significant flood-prone areas and potential retention areas. It is assumed that 

minor retention areas inside the sub-catchments have a negligible effect on the peak flow at 

the catchment outlet. 

The coupling points between the hydrological and the hydrodynamic model are shown in Fig. 

1. There are two cases where a coupling point lies significantly upstream of the sub-

catchment outflow (see the most eastern and the most western coupling points in Fig. 1). In 

these cases, areas situated downstream of the coupling points were separately modelled 
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and then added to the hydrodynamic model, following the suggestions of Lerat et al. (2012). 

The hydrological model was not applied on the lakes within the catchment because they 

directly receive the precipitation that falls above them, and evaporation from the lakes was 

considered negligible. In these cases, precipitation was directly fed into the hydrodynamic 

model. 

4. Results 

4.1 Thresholds derived from the hydrodynamic modelling of synthetic design hydrographs 

The calculated synthetic design hydrographs (see section 3.1) and the results of the 

hydrodynamic modelling of these synthetic design hydrographs are shown in Fig. 2. The 

synthetic design hydrographs (on the left side of Fig. 2) that were used as upper boundary 

conditions are uniformly shaped. The hydrographs derived by hydrodynamic modelling (on 

the right side of Fig. 2) are identically shaped when peak discharges are below 

approximately 500 m3s-1. This corresponds to a peak discharge with a 30 year return period. 

Above that level, there are three clearly visible steps at approximately 570, 700 and 860 m3s-

1. These thresholds indicate the occurrence of inundation and retention processes with 

significant influence on discharge processes. In consequence, the peak discharges of the 

synthetic design hydrographs on the model input side and the peak discharges of the 

calculated hydrographs on the model output side are no longer congruent. Two significant 

thresholds for emerging inundation and retention processes (700 and 860 m3s-1) are 

considerably above the 300 year return level flood; hence these thresholds do not affect 

floods below the 300 year return level but are possibly of crucial importance for PMF 

estimation. 

4.2 Modelling the PMF 

The hydrographs that were derived by hydrological modelling are shown in Fig. 3. The 

hydrographs that were modelled by applying the coupled hydrological-hydrodynamic model 

are shown in Fig. 4. The hydrographs represent the modelled catchment response to the 100 
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PMP distributions described in section 3.1, where the precipitation event lasts from hour 0 to 

hour 72 or less depending on the temporal distribution of the PMP. 

4.2.1 Hydrograph behaviour before peak discharge 

The hydrographs resulting from hydrological modelling generally increase relatively quickly at 

the beginning of the event. In contrast, the hydrographs resulting from the coupled model 

generally rise more slowly. Comparing the shapes of the hydrographs from the two modelling 

approaches shows that the hydrographs derived by hydrologic modelling increase constantly 

and relatively smoothly. The hydrographs derived by the coupled model reflect distinct steps 

at certain discharge levels, e.g. at 700 m3s-1. This is due to the exceeded riverbed capacity 

and consequential inundations, which delay further water level rise at the outlet. The 

hydrologic model is not able to capture this effect. 

4.2.2 Peak discharge and PMF estimate 

The peak discharges are between 1010 and 1320 m3s-1 based on the hydrologic model and 

between 880 and 1220 m3s-1 based on the coupled model. A comparison of the modelled 

peak discharges of all model runs is shown in Fig. 5. The plot shows that the coupled model 

generates lower peak discharges than the hydrologic model for most of the PMP 

distributions. However, there are also some scenarios where the coupled model generates a 

higher peak discharge than the hydrologic model. This is due to the retarding effect of lakes 

that are situated within the catchment. Precipitation distributions for which the coupled model 

generates the highest peak discharge are the ones that lead to a superposition of sub-

catchment reactions. In such cases, in the first phase of the event the most intense 

precipitation occurs in the sub-catchments that drain into a lake. Subsequently, the lake 

water level rises. In the course of the event, the most intense precipitation shifts to the sub-

catchments that are situated between a lake and the catchment outlet. This leads to the 

superposition of maximum lake outflow and maximum discharge from other sub-catchments. 

The hydrological model, with its relatively simple representation of the lakes, is not able to 

reproduce this effect in detail.  
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The time between the beginning of the precipitation event and the peak discharge (time to 

peak) of each model run is shown in Fig. 6. As demonstrated by the hydrographs in Fig. 3 

and Fig. 4, there are considerable differences in time to peak between the two modelling 

approaches. The hydrological model generates peaks that occur from 25 to 87 h after the 

start of precipitation, while the coupled model generates peaks between 48 and 85 h after 

the start of precipitation. There is less temporal variation in the hydrographs generated by the 

coupled model than in those generated by the hydrological model. Considering that the total 

precipitation amount (PMP) was always held constant, Fig. 7 shows that the peak-to-volume 

ratios do not differ systematically.  

4.2.3 Hydrograph behaviour after peak discharge 

In both modelling approaches, the hydrographs drop considerably after the peak discharge is 

reached. In the coupled model, there are step changes visible again at various discharge 

levels toward the end of the events (570, 620, 700, 860 m3s-1). These levels correspond to 

thresholds of the riverbed capacity at various cross sections thus the step changes can be 

explained by the flooding of floodplains. In a first phase, the discharge at the catchment 

outlet is reduced due to the amount of water that exceeds the riverbed capacity and 

inundates surrounding areas. In a second phase, the discharge at the same cross section 

falls below the discharge capacity of the river reach, and the inundating water masses flow 

back into the riverbed. In a last phase, when the surrounding areas are drained they do not 

contribute to discharge anymore, leading to a distinctive kink in the hydrograph. 

5 Discussion 

The hydrodynamic modelling of synthetic design hydrographs shows that retention effects 

are more pronounced when the estimated discharge considerably exceeds the maximum 

discharge of the calibration period. This is reasonable due to the fact that protection 

measures along the riverbed are often aligned to design floods of 30, 100 or 300 years, and 

not to floods with the magnitude of a PMF.  
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The hydrologic model and the coupled hydrologic-hydrodynamic model generate differently 

shaped hydrographs at the catchment outlet. The main difference in the two modelling 

approaches has to do with the representation of physical processes that occur within the 

catchment. The hydrological model represents the catchment reaction by using a set of 

calibrated parameters that usually define storage sizes, infiltration rates, evapotranspiration 

rates, and various other catchment characteristics. The calibrated model usually reproduces 

catchment behaviour that corresponds to catchment behaviour during the calibration period. 

However, the synthetic design hydrographs used in hydrodynamic modelling show that the 

catchment may deviate from its known behaviour due to the influence of effects that were 

absent during the calibration period. The deceleration of water flow due to changing riverbed 

characteristics, the storage and retention effects of inundated areas, as well as the depletion 

of lake storage capacity are possible reasons for such changing runoff characteristics. The 

hydrologic model does not consider non-stationary catchment behaviour that is caused by 

inundation and retention effects or the superimposing effects that occur when discharge 

considerably exceeds the highest observed peak discharges of the calibration period, which 

presumably would occur in the case of a PMF event. Therefore it quickly routes heavy 

precipitation input to the catchment outlet. In contrast, the coupled model approach is less 

dependent on the occurrence of extreme events within the calibration period as it captures 

and reproduces the effects of high precipitation on the watershed. The representation of non-

linear retention effects in the coupled approach allows for a more verifiable and a physically 

more reliable PMF estimation.  

The differences between the hydrologic and the coupled model in terms of the representation 

of runoff processes have direct consequences for the shapes of the hydrographs and for the 

PMF estimation. The coupled model simulates peak discharges that are slightly lower than 

the ones generated with the hydrologic model. The time to peak is generally lower for the 

outputs generated by the hydrologic model than for those generated by the coupled model 

due to the relatively immediate routing of the runoff to the catchment outflow and the neglect 

of runoff-delaying processes like inundations in the hydrologic model. As these differences 
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are caused by the distinct representations of the routing process in the two modelling 

approaches, they are of general nature. However, the magnitude of these effects may vary 

from catchment to catchment. In case of simple channel geometries or riverbed capacities 

that continuously exceed the magnitude of the PMF, these differences are expected to 

decrease, although the application of a hydrodynamic model still increases the reliability of 

the estimation. 

An additional benefit of the coupled model approach is that it allows for the identification and 

mapping of affected areas and floodplains within the catchment. This allows for a better 

estimation of the possible consequences of a PMF event. The additional information on 

possibly affected areas is highly important for insurance and re-insurance purposes as well 

as for the planning of sensitive infrastructure or protection measures. However, various 

studies show that identification and mapping of affected areas are uncertain due to several 

critical factors, i.e. the model calibration (Pappenberger et al. 2005; Pappenberger et al. 

2006; Remo et al. 2009; Di Baldassare et al. 2009), the lack of computation power limiting 

the consideration of various parameter sets (Altarejos-García et al. 2012), and uncertain 

design flood profiles (Brandimarte and Di Baldassare 2012). Chatterjee et al. (2008) show 

that 1D-2D model coupling improves the modelling of areal extent, water velocities, and the 

emptying process of retention areas in comparison to a 1D model, whereby it leads to 

comparable results in terms of peak discharge. However, such an approach requires 

significantly more computation power, a factor that limits the consideration of a high number 

of varying precipitation scenarios. 

The setup and application of a coupled model is data-intensive and relatively time 

consuming. It usually requires pre-processing and calibration for every considered sub-

catchment, the setup and calibration of a hydrodynamic model, and some effort for the 

coupling itself. Moreover, applying a coupled model involves a relatively long computation 

time. The availability of a high-resolution digital terrain model and river cross sections is 

required for coupled modelling. In contrast, the hydrological modelling approach only 
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requires calibration of the sub-catchments, and the computation time is substantially lower 

than the computation time of a coupled model. Considering the similar range of peak 

discharges that were modelled by the two approaches, a hydrological model can reasonably 

be applied for rough PMF estimation in cases where only the catchment outlet is of interest 

or where the catchment is characterized by negligible potential retention areas. On the other 

hand, the coupled model better reflects physical reality when it comes to extreme floods. 

Using this approach is particularly imperative when retention areas in the catchment of 

interest may strongly influence PMF estimation. 

6 Conclusion and Perspectives 

In this study, PMF estimations were derived by applying a hydrologic model and a coupled 

hydrologic-hydrodynamic model in order to assess the advantages and constraints of these 

two modelling approaches. The two modelling approaches were tested with 100 PMP 

scenarios with the same volume of precipitation but different spatio-temporal precipitation 

distributions. The resulting hydrographs can be used to assess the applicability of the 

modelling approaches for estimating PMF at the catchment outlet and to evaluate the 

representation of physical processes within the catchment. The hydrological model is 

suitable to roughly estimate a PMF, particularly in cases where no significant retention areas 

are situated in the catchment. The application of a coupled hydrologic-hydrodynamic model 

is recommended for a better understanding of the physical processes within the catchment, 

for mapping purposes, or for the planning of flood prevention measures. A PMF event 

comprises substantially larger discharge volumes and substantially higher peak discharges 

than observed events. In the case of a PMF, flood protection measures that are dimensioned 

for specific return levels fail; thus widespread floodplain inundation and non-linear processes 

occur. This calls for the incorporation of a physical perspective to make estimation more 

reliable and understandable. The difference in the model outputs indicates the importance of 

studying the benefits and constraints of modelling approaches applied for PMF estimation. 
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Figure 1: The Aare catchment situated at the northern edge of the Swiss Alps, and the 

division of the catchment into 13 sub-catchments and the range of the hydrodynamic model. 

The black triangles indicate the coupling points between the hydrological and the 

hydrodynamic model. The red lines indicate cross sections of the hydrodynamic model. 

Figure 2: Synthetic design hydrographs that were used as upper boundary conditions of the 

hydrodynamic model and the resulting hydrographs at the catchment outlet. The grey lines 

indicate discharges with return periods of 30, 100, and 300 years. The peak discharges of the 

given return levels are derived by fitting a GEV distribution to the annual maximum 

discharges (based on a discharge time series from 1918 to 2014). The data as well as the 

statistical estimation of the return levels are provided by the Swiss Federal Office of 

Environment FOEN. 

Figure 3: Hydrographs generated by the hydrologic modelling of the 100 PMP scenarios at 

the outlet of the catchment. 

Figure 4: Hydrographs generated by the coupled hydrologic-hydrodynamic modelling of the 

100 PMP scenarios at the outlet of the catchment. The red lines indicate thresholds for the 

occurrence of significant retention effects. 

Figure 5: Peak discharges that result from the two modelling approaches. 

Figure 6: Time to peak that result from the two modelling approaches in hours. The vertical 

and the horizontal lines indicate the end of the precipitation event. 

Figure 7: Peak-to-volume ratios that result from the two modelling approaches. 
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Highlights  

• Widespread inundation lowers peak discharge and causes unsteady catchment 

behaviour 

• Coupled models are able to model complex processes that dampen peak discharge 

• The dampening of peak discharge particularly affects PMF estimations 

 


