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Changes with respect to the DoA 
Not applicable 
 
Dissemination and uptake 
This report is public.  
 
Short Summary of results (<250 words) 
D3.3 ς Calibrated water resources models for past conditions was developed by IWW, 
LNEC, NTNU, KWR, AQUALOGY, CYI, and all local partners within WP3 - Integrated 
analysis of the water cycle.  
 
This Deliverable presents the model applications at all six research sites. Special focus in 
this Deliverable is being paid to the modelling objectives, the model types, the data used 
and produced, the model results, as well as the model evaluation and discussion. D3.3 
shows the wide variability of models developed and applied in order to bring innovation 
into water management practices. This is due to the fact that European water problems 
are diverse and BINGO aims at providing as many solutions as possible to mitigate those 
climate change related problems. Thus, D3.3 should not be seen as a model 
intercomparison experiment but as an effort to solve multiple water problems together 
in a community of scientists, local governments, water suppliers and many more 
stakeholders. 
 
D3.3. is identical with Milestone 16, as the availability of calibrated and working models 
is essential for the calculation of climate and land-use scenarios. 
 

Evidence of accomplishment 
This report as well as the model output. 
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1. INTRODUCTION  

This document is developed as part of the BINGO (Bringing INnovation to onGOing water management ï 

a better future under climate change) project, which has received funding from the European Unionôs 

Horizon 2020 Research and Innovation programme, under the Grant Agreement number 641739. The 

Project website (http://www.projectbingo.eu) represents Deliverable 3.3 of Work Package 3 (WP3) ï 

Calibrated water resources models for past conditions. 

ééééééé.. 

2. BINGO Calibrated water resources models for past conditions  

The following chapters provide an overview of the hydrological model results for past conditions at the six 

BINGO research sites in Cyprus, Germany, the Netherlands, Norway, Portugal, and Spain. Each model 

development/application description is reported per site and includes information on model objectives, 

model application, model description, data used for modelling, calibration and validation strategies, model 

results, and model evaluation and discussion. At some sites, e.g. in Portugal and Cyprus, multiple model 

domains exist. Here, D3.3 provides structured information for each domain. 
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3. Cyprus  

In Cyprus, two case studies are being studied. The Pedieos case study focuses on the impacts of climate 

and land-use change to single flood events. Thus, HEC-HMS with HEC-RAS models have been employed 

to simulate the flood profiles and the extent of the flooded area. The Peristerona case study focuses on the 

impacts of climate change to droughts. Here the use of WRF-Hydro is being explored to couple the 

atmospheric (WP2) and hydrologic processes (WP3). 

3.1. Peristerona Watershed  

3.1.1. Model objectives in BINGO  

Due to limited rainfall concentrated in the winter months and long dry summers, storage and management 

of water resources is of paramount importance in Cyprus. For the purpose of water storage, the Cyprus 

Water Development Department is responsible for the operation of 56 relatively large dams (total volume 

of 310 Mm3) and 51 smaller reservoirs (total volume of 17 Mm3) over the island. Climate change is also 

expected to heavily affect Cyprus water resources with a 1.5 % - 12 % decrease in mean annual rainfall 

(Camera et al. 2016) projected for the period 2020-2050, relative to 1980-2010. This will make reliable 

seasonal water inflow forecasts even more important for water managers. The overall aim of this study is 

to set-up the Weather Research and Forecasting (WRF) model with its hydrologic extension (WRF-Hydro) 

for seasonal forecasts of water inflow into dams located in the Troodos Mountains of Cyprus. The specific 

objectives of this study are: i) the calibration of WRF-Hydro for the simulation of past observed seasonal 

rainfall events and flows in the Troodos Mountains; ii) a sensitivity analysis of the model parameters.  

WRF-Hydro was the selected modelling instrument since it allows the coupling of hydrologic and 

atmospheric processes, perfectly matching the overarching goal of the BINGO project, which is to analyze 

effects of climate change on the hydrologic cycle. Research on the coupling of atmospheric models with 

hydrologic models or the improvement of hydrologic processes in land surface component of atmospheric 

models started during the last decade. Thus, there are relatively few coupled models available (Senatore 

et al. 2015). WRF-Hydro represents one of the most complete model environments for the analysis of 

coupled atmospheric-hydrologic processes. The model source code and documentation are freely available 

and there is an active and growing user community (Gochis et al. 2015). WRF is a well-established and 

widely used atmospheric model. The Atmosphere and Climate Group of the Cyprus Institute is using WRF 

for the modeling of past and future climate in WP2.  

The WRF-Hydro calibration is conducted in the Peristerona Watershed (Figure 1), located along the 

northern slopes of the Troodos Mountains. The Peristerona Watershed has an area of 120 km2 at its outflow 

in the Serrachis River, just north of the Green Line. The watershed is characterized by an ephemeral river 

with an average long-term annual stream flow of 11.75 Mm3 (1980-2010) for the 77 km² upstream area, as 

observed at Panagia Bridge station in the foothills of the mountains (Figure 1 and Figure 2). The main 

rainfall season is from October to May, while summers are very hot and dry. December, January and 

February are the wettest months. In the upstream area of the watershed we find sclerophylous vegetation 

and agricultural terraces with dry stone walls. The fractured volcanic formations in the steep sloping 

midstream areas are covered by state forests, which are dominated by Pinus brutia trees. In the upstream 

and midstream areas of Peristerona Watershed agricultural lands are often located on terraces next to the 

streams, while the forested areas covers the steeper slopes above these lands. In the foothills and 

downstream, both rainfed and irrigated crops can be found. Cereals, especially barley, are the main rainfed 

crop. Irrigated crops are found on small fields and terraces along the river (olives, vegetables). 
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Figure 1 Location of the island of Cyprus and WRF-Hydro domain and calibration catchment 

 

 

Figure 2 Panagia Bridge streamflow station 
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3.1.2. Model application  

3.1.2.1. Model description  

The WRF-Hydro model is an extension package of the traditional one-dimensional Noah Land Surface 

Model (Noah LSM) of WRF that provides a framework for multi-scale representation and multiple physics 

options for surface overland flow, saturated subsurface flow, channel routing, lake/reservoir routing, and 

baseflow processes (Gochis et al., 2015). A summary of the model structure is presented in Figure 3.  

The Noah LSM allows the modelling of hydrologic processes such as throughfall and interception of rainfall, 

the re-evaporation of intercepted precipitation, water infiltration in soil, vertical movement of water in the 

soil, direct evaporation from the soil, surface and subsurface runoff (Ek et al., 2003). Among the outputs, 

the Noah LSM model can return values of soil moisture (both in liquid and frozen state), soil temperature, 

skin temperature, snowpack water equivalent, canopy water content, and the energy and moisture fluxes 

at the earth surface (Niu et al., 2011). The Noah LSM is run on a 1 x 1 km2 resolution grid. 

The WRF-Hydro extension package allows an improvement of the 1D land surface model. Water unable to 

enter the soil due to infiltration exceedance is not removed from the domain but it is kept as ponded water, 

laterally redistributed, and summed to streamflow (if it reaches the channel network) or throughfall in the 

following step (if it does not reach the river network). As reported in Yucel et al. (2015), ñsubsurface lateral 

flow is calculated before the surface routing so that exfiltration from fully saturated soil columns can be 

combined with existing infiltration capacity excess prior to surface routing. The method used to calculate 

the lateral flow of moisture in saturated soil columns is that of Wigmosta et al. (1994) and Wigmosta and 

Lettenmaier (1999), which is also implemented in the Distributed Hydrology Soil Vegetation Model 

(DHSVM). Overland flow is calculated when the depth of ponded water in a grid cell exceeds a specified 

retention depth, which is a tunable parameter. Ponded water depths below the retention depth do not move 

and are subject to future infiltration. A steepest descent directionality search based on total head gradient 

(i.e. elevation plus water depth) is used and the fully-unsteady spatially explicit diffusive wave formulation 

of Julien et al. (1995) with a later modification by Ogden (1997) calculates the propagation of shallow 

overland flow wavesò. For more details see the description of surface and subsurface routing modules in 

Gochis et al. (2015).  

Deep percolation might be added to channel discharge as baseflow with the use of an optional exponential 

bucket model, which is based on an empirical-derived function of recharge (see Gochis et al. 2015 for more 

details). However, preliminary runs indicated that little improvements could be achieved using the baseflow 

routine, while being computationally costly to run. Similar findings were reported by Senatore et al. (2015). 

For these reasons, the baseflow routine is not activated in the current study,. The channel routing module 

makes use of an algorithm based on the explicit, one-dimensional, variable time-stepping diffusive wave 

formulation, which is a simplification of the more general St. Venant equations (Gochis et al. 2015 for more 

details). WRF-Hydro also includes an optional routing sub-routine to model water storage and outflow from 

reservoirs along the channel network. The sub-routine makes its calculation based on mass balance 

equations and a level-pool threshold so to estimate the impact of reservoirs on hydrologic response (Gochis 

et al. 2015). However, also this routine is not activated in this study. Our current research focusses on the 

areas uphill of reservoirs since our main aim is the simulation of dam inflow.  

For each LSM time step (1 day in our case), soil column moisture states (maximum soil moisture, infiltration 

capacity excess, lateral saturated hydraulic conductivity and soil moisture content) are disaggregated and 
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passed to the WRF-Hydro routines (Yucel et al. 2015). WRF-Hydro routines 

can in fact make use of a higher resolution grid, which needs to include an integer number of cells inside a 

single pixel of the LSM grid. In our study we use a high resolution grid of 100 x 100 m2, thus having 100 

cells inside each pixel of the LSM model. For this high resolution grid, some additional base maps need to 

be defined: latitude, longitude, topography, flow direction, channel network, stream order, retention depth 

routing factor, overland roughness routing factor, and location of streamflow gauges for exporting modelled 

river discharge. The time step for the routing modules is set to 6 seconds, as suggested in the WRF Hydro 

Userôs Guide (Gochis et al. 2015) for grids with a horizontal resolution of 100 m. 

 

Figure 3 Sketch of WRF-Hydro model structure as presented in Gochis et al. (2015) 

3.1.2.2. Data  

For parameterization of the Noah LSM, all the necessary base maps - including soil type, landuse 

categories, monthly green fraction, monthly leaf area index and elevation ï were derived from MODIS 

datasets with resolution 30ò (around 900 m) and re-interpolated on the 1 x 1 km2 grid specified in section 

3.1.2.1 (Model description). Initial values of soil moisture and soil temperature were derived for four soil 

layers (0-10 cm, 10-40 cm, 40-100 cm, 100-200cm) using field data as a reference. These data come from 

5TM DECAGON sensors that were installed for the BINGO project (Task 3.2) at two environmental 

monitoring stations CyI is running in the Peristerona Watershed and in its proximity. The two stations are 

located in Agia Marina/Xyliatos forestry area (around 600 m a.s.l., just outside the watershed boundary), 

and in the terraced slopes uphill the village of Alona (around 1300 m a.s.l., inside the watershed 

boundaries). The set initial values were considered constant over the entire model domain (see Figure 1) 

and were used to initialize the spin-up runs of the model. 

Most of the high resolution datasets (100 x 100 m2) necessary to run the WRF-Hydro model routines (see 

section 3.1.2.1 Model Description for the detailed list) were derived using the hydrology toolbox of ArcGIS. 

The main input was the digital elevation model (DEM) of the island of Cyprus, provided by the Cyprus 
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Geological Survey Department, with an original cell size of 25 x 25 m2 and re-

scaled to the selected 100 m horizontal resolution. In detail, the maps derived using these methods are: 

flow direction, stream order, channel network (cutoff threshold of 250,000 m2 contribution to be considered 

a stream cell), and watershed areas. Latitude and longitude where automatically extracted with ArcGIS 

functions. The exact location of the monitoring stream gauge (Panagia Bridge station) to generate time 

series of modelled streamflow were provided by the Cyprus Water Development Department, together with 

daily average discharge data for the period 1980-2010. The retention depth and overland roughness routing 

factors were adjusted during calibration.  

The meteorological data necessary to run WRF-Hydro coupled with the Noah LSM model include: incoming 

shortwave and longwave radiation (W/m2), specific humidity (kg/kg), air temperature (K), surface pressure 

(Pa), near surface wind in the u- and v- components (m/s), and precipitation (mm). For our simulations we 

used daily forcing. Precipitation was input from the observed daily gridded dataset (1 x 1 km2) that was 

produced for Cyprus - interpolating data from 145 stations - for the period 1980-2010 by Camera et al. 

(2014). All the other data came from long term (2000-2009) WRF simulations run with initial conditions 

constrained, and boundaries forced every 6 hours, with ERA-INTERIM reanalysis data. The original 

horizontal resolution of these simulations is 12 km but data were re-gridded on the 1-km Noah LSM grid for 

input. These simulations are part of the climate modeling activities of BINGO WP2.  

3.1.2.3. Calibration and validation strategies  

WRF-Hydro is calibrated and validated over 1-year periods (October 2006 ï September 2007 for 
calibration, October 2000 ï September 2001 for validation) following a single month spin-up 
The two periods were selected as years with an annual rainfall close to the long-term average and 
presence of multiple extreme rainfall and flow events. The spin-up is limited to a single month due 
very dry conditions occurring at the end of the summer period in Cyprus. Soil moisture is very low 
are usually completely dry, so not much time is needed to bring conditions to the actual initial state. 
initial soil moisture and soil temperature values discussed in the previous section are presented in 
Table 1. As initial conditions for the spin-up run, the rivers were considered completely dry (see 
HLINK in  

 

Table 2).  

Table 1 Initial values of soil moisture and soil temperature for the considered four layers of soil 

 Depth [cm] Moisture [kg/kg] Temperature [K] 

Soil layer 1 0-10 0.06 298 

Soil layer 2 10-40 0.07 296 

Soil layer 3 40-100 0.10 292 

Soil layer 4 100-200 0.12 290 

Calibration was performed manually with a stepwise approach since the use of an automated 
method would have required a very high number of model runs and an excessive computational 
Calibration focused on two aspects: the average streamflow for the whole calibration period, and 
between observed and modelled time series. Four statistics were derived for the second purpose: 
Sutcliffe Efficiency (NSE), to assess the fit between observed and modelled time series with 
high-flow simulations; ii) logarithmic Nash-Sutcliffe efficiency (LNSE) to assess the fit between 
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and modelled time series with emphasis on low-flow simulations (Oudin 
et al. 2006); iii) mean absolute error (MAE); and iv) root mean squared error (RMSE) to describe the 
difference between the model simulations and observations in the units of the variable (Legates 
and McCabe, 1999).  The calibration was considered successful for errors in the average streamflow 
lower than 20%, positive NSE and LNSE coefficients, and maximum MAE comparable to the average 
daily streamflow. Following the indications of previous WRF-hydro studies (Senatore et al. 2015; 
Yucel et al. 2015; Arnault et al. 2016; Givati et al. 2016) calibration focused on the following 
parameters: partitioning of rainfall into runoff and infiltration (REFKDT);  empirical coefficient 
ranging from 0.1 and 1 which controls the drainage out the bottom of the deeper soil layer (SLOPE); 
water retention depth routing factor (RETDEPRTFAC); overland roughness routing factor 
(OVROUGHRTFAC); and channel Manning coefficients factor (MANN). WRF-Hydro assigns channel 
Manning coefficients, together with other channel properties, through a simple table based on 
stream order ( 

 

Table 2). For this reason, instead of changing Manning coefficients for each stream order independently, 

during the calibration phase all the values were adjusted through a multiplicative factor (MANN), which is 

the actual calibrated parameter. This is the same approach as used by Yucel et al. (2015). The reported 

Manning roughness values for the Peristerona Watershed were artificially high, because here we calibrated 

WRF-Hydro with observed daily rainfall data. New simulations with observed hourly data had Manning 

roughness coefficients of 0.14, 0.12, 0.9, for the first, second and third order streams, respectively. In the 

Pedieos Watershed the Manning coefficient for the upstream area, which is somewhat similar to 

Peristerona Watershed, were not calibrated, because of low sensitivity. The selected Manning coefficients 

ranged between 0.045 and 0.060. 

Firstly, the parameters controlling the volume were calibrated following the order REFKDT, SLOPE, 

RETDEPRTFAC. Secondly, those controlling the shape of the hydrograph were tuned following the order 

OVROUGHRTFAC, MANN. Once a parameter was considered tuned, it was not modified anymore. 

REFKDT, SLOPE, and MANN parameters are pre-defined tabulated values constant for definition over the 

all model domain, while RETDEPRT and OVROUGHRT parameters are pixel specific (Yucel et al. 2015). 

For this study we kept also the mapped values constant throughout the modelled catchment. All the other 

parameter values were kept at their default values as provided in the hydrologic (HYDRO.TBL) and general 

parameters (GENPARM.TBL) tables of WRF-Hydro V3.0 release. These parameters include overland 

roughness coefficients defined based on landuse type and several parameters defined on soil type 

(saturated soil hydraulic conductivity, maximum volumetric soil moisture value, reference volumetric soil 

moisture value wilting point for volumetric soil water). 

The calibrated parameters were investigated for sensitivity, too. For this purpose, the best (calibrated) value 

for each parameter was increased or decreased by 20% and the results analyzed in terms of average daily 

discharge impact, and statistics impacts. Also, a sensitivity index (SI) was derived as follows: 

CalSenCal

CalSenCal

ParParPar

AvFlowAvFlowAvFlow
SI

)(

)(

-

-
=       (1) 

where AvFlowCal is the daily average stream flow resulting from the calibrated model, AvFlowSen is the 

daily average steamflow resulting from a parameter modification, ParCal is the calibrated value of the 

parameter under analysis and PArSen is the modified value of the parameter under analysis. 
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Table 2 Default channel parameter values, based on stream order, used for WRF-Hydro simulations 
in this study. Bw is the channel base width, HLINK the initial water depth at the beginning of the 
spinup period, Ch SSlp is the channel slope and MannN the Manning coefficient 

Stream order Bw [m] HLINK [m] Ch SSlp [%] MannN[-] 

1 5 0.00 1 0.65 

2 10 0.00 0.6 0.50 

3 20 0.00 0.3 0.45 
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3.1.2.4. Results 

The time series comparisons between observed and modelled streamflow for the calibration and validation 

years are presented in Figure 4 together with the statistics for model evaluation. Total rainfall over the 

watershed upstream of Panagia Bridge was 714.1 mm during the 2006/07 calibration season and 623.6 

mm during the 2000/01 validation season. The observed average daily streamflow for the calibration period 

is 0.29 m3/s, while the calibrated modelled value is 0.23 m3/s. For the validation period the observed 

average daily streamflow is 0.30 m3/s, while the modelled value is 0.23 m3/s. In Figure 5 zoom-in of the two 

main extreme events that occurred during the calibration period is presented. The calibrated parameters 

are presented in Table 3, while the results of the sensitivity analysis are summarized in Table 4.   

  

Figure 4 Comparison between observed and modelled time series for calibration (October 2006 ï 
September 2007, on the left) and validation (October 2000 ï September 2001, on the right) time 
periods. Flow obs is the daily average observed flow at Panagia Bridge station, flow mod the 
corresponding modelled streamflow and rain obs is the observed rainfall. NSE is Nash-Sutcliffe 
efficiency, LNSE is logarithmic Nash-Sutcliffe efficiency, MAE is mean absolute error, and RMSE is 
root mean squared error 

 

  

Figure 5 The two extreme events that occurred during the calibration year in February 2007 (left) 
and in May 2007 (right). Flow obs is the daily average observed flow at Panagia Bridge station, flow 
mod is the corresponding modelled streamflow and rain obs is the observed rainfall 
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Table 3 Values of the calibrated model parameters. The parameter 
REFKDT controls the partitioning of rainfall into runoff and infiltration, LOSS_BASE controls the 
partitioning of deep percolation between losses and baseflow contribution, RETDEPRTFAC is the 
water retention depth factor, OVROUGHRTFAC is the overland flow roughness factor, and MANN 
is the channel Manning coefficient 

 REFKDT LOSS_BASE RETDEPRTFAC OVROUGHRTFAC MANN 

Calibration 

values 
0.01 0.1 0.2 1 10 

 

Table 4 Sensitivity analysis results expressed in terms of Nash-Sutcliffe efficiency (NSE), 
logarithmic Nash-Sutcliffe efficiency (LNSE), mean absolute error (MAE), root mean squared error 
(RMSE), and sensitivity index (SI). Parameters were changed ±20% based on their calibrated values. 
See Table 3 for parameter descriptions 

 NSE 

[-] 

LNSE 

[-] 

MAE 

[m3/s day] 

RMSE 

[m3/s day] 

SI 

[-] 

Calibration 0.13 0.23 0.30 0.77 NA 

REFKDT +20% 0.15 0.21 0.29 0.76 -0.18 

REFKDT -20% 0.10 0.22 0.30 0.78 +0.30 

LOSS_BASE +20% 0.13 0.22 0.30 0.76 0.00 

LOSS_BASE -20% 0.13 0.22 0.30 0.76 0.00 

RETDEPRTFAC +20% 0.13 0.24 0.30 0.77 +0.01 

RETDEPRTFAC -20% 0.13 0.23 0.30 0.77 -0.01 

MANN +20% 0.19 0.22 0.28 0.74 -0.03 

MANN -20% -0.03 0.16 0.32 0.83 +0.10 

OVROUGHRTFAC +20% 0.13 0.21 0.30 0.76 -0.02 

OVROUGHRTFAC -20% 0.13 0.22 0.30 0.77 +0.03 

      

3.1.3. Model evaluation and discussion  

The NSE value obtained during the calibration of the model cannot be considered a good result. According 

to Moriasi et al. (2007) a satisfactory NSE value is greater than 0.5. However, some considerations need 

to be made. Our study deals with ephemeral streams in semi-arid environments, which represent peculiar 

conditions particularly difficult to model. This is mainly due to generally (intermittent) low flow and sudden 

peaks. A higher value was obtained for the LNSE than for the standard NSE, which is a better evaluation 

metric for low flows than the NSE. Also, considering peak flows, it should be noted that the model is run 

with daily data and precipitation is applied all at once at midnight of each day, while the following routing is 

performed with a 6 seconds time step. Very high Manning coefficients were used to delay the peak to the 

next day, to match the observations, but it is not always sufficient. Another shortcoming of modelling flow 

peaks can be seen in Figure 5. For both examples, the second rainfall peak does not produce a second 

rise of the hydrograph, although in many other circumstances the model demonstrated to react fast to 

rainfall input. This model behavior is still under investigation. Conversely, the first discharge peak is usually 
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overestimated. The relative high MAE and RMSE (comparable to average 

daily streamflow) also point out this general underestimation and overestimation of peak flows. 

The results of the sensitivity analysis strengthen the statement that the main problems of the model relate 

to extreme behavior. This is pointed out by a LNSE value similar to that of the calibration run but a much 

worse NSE value, which is even negative for the sensitivity run. Also, comparing calibration and validation 

it is possible to notice that in both cases the peaks at the beginning of the rainfall season are overestimated, 

while the peaks in the middle and end of the rainy season are usually underestimated. Probably, soil and 

watershed conditions are changing radically over the season, so that hydrologic processes are not 

comparable, and the model, although physically based, does not have the flexibility to catch those 

modifications with parameter values that are constant over the year. As an example, it is probable that 

rainfall partitioning into runoff and infiltration - which is controlled by REFKDT, one of the most sensitive 

parameters of the model (Table 4) ï changes during the year, possibly even after each rainfall event.  

The channel Manning coefficients, as already said, are set to very high values, which makes this parameter 

more a calibration than an actual physical parameter. However, because of the intermittent nature of the 

flows and sedimentation due to erosion of degrading mountain terraces in the upstream areas, heavy 

vegetation growth can be observed inside the river bed, especially for streams of low order (Figure 6).  

The results of the sensitivity analysis show that REFKDT and MANN are the most sensitive parameters 

(highest SI values), affecting both the average daily streamflow (volume) over the modelling period and the 

fit and error statistics. REFKDT is suggested as the most sensitive parameter also by other authors 

(Senatore et al. 2015; Arnault et al. 2016; Givati et al. 2016). The high sensitivity of the MANN parameter 

could be partly due to the combination of very high calibrated values and the sensitivity analysis strategy 

of modifying values of ±20%, resulting in large differences between the values used for the calibration and 

the sensitivity runs. 

 

Figure 6 Overgrown streambed in the upstream areas of Peristerona Watershed, in Platanistasa 
(left) and Fterikoudi (right) 
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3.2. Pedieos  Watershed  

3.2.1. Model objectives in BINGO  

The six research sites that BINGO is built around, include a Cyprus part focused on the Pedieos watershed 

(see Figure 7) for which climatic impacts such as floods are evaluated. The development of a hydrologic 

model calibrated over past conditions will enable assessment and management for coping with future 

climate change challenges. 

As per the objectives of WP2 ï ñClimate predictions and downscaling to extreme weatherò, Task 2.3 ñHigh-

resolution downscaling (3-1km/1h) for floodsò for the research site of Pedieos watershed in Cyprus, the 

episode of the extreme precipitation event of 8th - 11th of January of 1989 of present climate reanalysis and 

decadal climate predictions to a high resolution for use in the hydrological and hydraulic model was 

performed. 

These rainfall data and as per the objectives of WP3 ï ñIntegrated analysis of the water cycleò the model 

performance for Pedieos watershed at the Cyprus site has been run, calibrated on the basis of past 

conditions (rain event of 8th ï 11th  of January 1989) and evaluated. This will allow subsequently a step by 

step adjustment to become a reliable tool for local users, for future climate events. 

The Cyprus Research Site is located along the northern slopes of the Troodos Mountains in Cyprus. The 

Troodos Mountains form the water tower of the island, with many streams running down its steep slopes, 

in deeply incised valleys (see Deliverable 3.1). The northern slopes are in the rain shadow of the mountains 

and are less endowed with water resources than the southern slopes. Investigations in the agro-ecological 

and hydrological processes along the northern slopes of the Troodos Mountains could also present insights 

in the potential effects of climate change on the southern slopes.  

 
Figure 7 The Troodos mountains in Cyprus with the Peristerona and Pedieos Watersheds along the 
northern slopes 
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The water resources model focusses on the Pedieos watershed which is one 

of the two representative watersheds along the northern slopes of the Troodos Mountains: The Pedieos 

and the Peristerona Watersheds (Figure 7). This river with a watershed area of 120 km2 flows across the 

buffer zone into the northern part of the island, inhabited by the Turkish Cypriot community. Figure 8 shows 

the Pedieos sub basins, the two weirs just upstream the Tamassos Dam and the grid of the downscaled 

rainfall.  

 
Figure 8 The Pedieos basin, subbasins, weirs location and the grid of downscaled rainfall at 1 × 1 
Resolution  
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Flood modelling studies covering, among others, the Pedieos watershed, have been conducted by the 

Water Development Department as a requirement of the European Flood Directive (2007/60/EC). Flood 

hazard and flood risk maps and a flood management plan have been prepared for the flood sensitive areas 

(WDD 2015). 

The flood modelling which has been conducted for the Pedieos Watershed by WDD was with the use of 

the HEC (Hydrologic Engineering Center) models, developed by the U.S. Army Corps of Engineers 

(http://www.hec.usace.army.mil/software/). Both the Hydrologic Modeling System (HEC-HMS) and the 

River Analysis System (HEC-RAS) were used.  

In view of the above, and so that this work is comparable and compatible with existing studies, the models 

which were chosen to be used for BINGO are the same, namely the HEC-HMS rainfall /runoff model and 

the HEC-RAS together with the HEC-GeoRas for the hydraulic modelling and the flooding configuration. 

3.2.2. Model application  

3.2.2.1. Model description  

A brief description of the models that were used is provided here below together with some graphical 

information (main screen, or user interface, or process flowchart): 

ü The HEC-HMS (Hydrologic Engineering Center ï Hydrologic Modeling System) 

HEC-HMS is designed to simulate the precipitation-runoff processes of dendritic watershed systems. It is 

designed to be applicable in a wide range of geographic areas for solving a broad range of problems. This 

includes large river basin water supply and flood hydrology to small urban or natural watershed runoff. 

Hydrographs produced by the program can be used directly or in conjunction with other software for studies 

of water availability, urban drainage, flow forecasting, future urbanization impact, reservoir spillway design, 

flood damage reduction, floodplain regulation, wetlands hydrology, and systems operation. Figure 9 shows 

the ñmain software screenò as used for the Pedieos model. 

ü The HEC-RAS (Hydrologic Engineering Center ï River Analysis System) 

HEC-RAS is an integrated system of software, designed for interactive use in a multi-tasking environment. 

The system is comprised of a graphical user interface, separate analysis components, data storage and 

management capabilities, graphics and reporting facilities. 

The HEC-RAS system contains four one-dimensional river analysis components for: (1) steady flow water 

surface profile computations; (2) unsteady flow simulation; (3) movable boundary sediment transport 

computations; and (4) water quality analysis. A key element is that all four components use a common 

geometric data representation and common geometric and hydraulic computation routines. In addition to 

the four river analysis components, the system contains several hydraulic design features that can be 

invoked once the basic water surface profiles are computed. Figure 10 shows the user interface of the 

HEC-RAS software. 

ü The HEC- GeoRAS (Hydrologic Engineering Center ïGeospatial River Analysis System) 

HEC-GeoRAS is set of ArcGIS tools specifically designed to process geospatial data for use with the 

Hydrologic Engineering Centreôs River Analysis System (HEC-RAS). The extension allows users to create 

an HEC-RAS import file containing geometric data from an existing digital terrain model (DTM) and 
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complementary data sets. Results exported from HEC-RAS may also be 

processed for the production of the flood maps. Figure 11 shows the ñProcess flow Diagramò of the HEC-

GeoRAS. 

  

Figure 9 The event model structure and the main program screen of the HEC-HMS as used for 
Pedieos watershed 

 
Figure 10 Main user interface of HEC-RAS 
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Figure 11 Process flow diagram of HEC-GeoRAS 

3.2.2.2. Data  

3.2.2.2.1. Parameter input and data of the WDD Hydrologic Model for Pedieos  

The  HEC-HMS Hydrologic Model for the Pedieos watershed as it was calibrated by the Water Development 

Department was used for the BINGO WRF precipitation configurations.. As such, no further calibration or 

adjustment of the model was made, so that the results of the present work are comparable and compatible 

to those of the WDD which are already available to decision and stake-holders of the area. Some pertinent 

points on the parameters used for the WDD model and assumed as input data are as follows: 
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ü Delineation of the basins: 

This was carried out with the tools of Geo-HMS. The original DEM was modified and a new DEM, with a 

linear increase of the elevations to the desired limits of the sub-basins except where streams pass and the 

ground is not changed, was done (with the use of the command ñBuild wallò.) 

ü Mean basin slope: 

Automatically determined with the use of the DEM. The Geo-HMS tool was used for the calculation of the 

percent mean slope of each basin used on the slope grid determined of the larger area. 

ü Curve Number (CN): 

This was determined in ArcMAP, based on soil characteristics defined by the layers Soil250k, for the whole 

area, but at reduced analysis, and Soil250k covering only part of the basin but at higher analysis. For each 

soil group in the area, the four hydrological soil groups A to D were determined1. The land use map of 

Corine2006 was used and compared to the SCS tables of TR-55 as well as to other papers on the subject. 

A CNGrid raster was finally constructed with a value for CN at each cell.  

ü Dimensions of the stream: 

These were based on LiDAR where this was available. Elsewhere, these were based on site visits and on 

Google Earth.  

ü Manningôs roughness coefficients:  

These were based on evidence on hydraulic structures from site visits with values based on literature2.  

ü Stream gradient: 

Done by ArcMAP and the GeoHMS tool. 

ü Hydraulic evaluations: 

All the hydraulic evaluations were done with HEC-RAS for non-steady flow. Conditions of subcritical flow 

were adjusted accordingly in areas where flow becomes supercritical (Mixed flow regime). 

ü Geometry for hydraulic model: 

Carried out with the use of HEC-GeoRAS in ArcGIS with micro-adjustments with HEC-RAS. 

ü Info used for the hydraulic model:  

Land model as per LiDAR, aerial photos during LiDAR, 5-meter Raster DEM of WDD, Photos from field 

visits for evaluating coefficients of linear friction losses, sketches of dimensions of bridges, culverts etc. 

 

ü Boundary conditions: 

Location of entry of hydrographs: a) u/s entry Flow Hydrograph, b) from side basins Lateral Inflow 

Hydrograph, and c) in between sub-streams Uniform Lateral Inflow)  

Normal Depth assumed = stream gradient (=0.65%) 

ü Linear Losses 

The evaluation of coefficients of linear losses is carried out using the Manningôs coefficient and the Cowan 

method3.  

                                                           
1 Part 630 Hydrology National Engineering Handbook of Natural Resources Conservation Service (ex 
SCS) ï Chapter 7, Hydrologic Soil Groups 

2 Ven Te Chow: Open Channel Hydraulics, table D page 112 
3 Ven Te Chow (1959): Open Channel Hydraulics pg 106-109 
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The coefficient of local losses at the entry of culverts in HEC-RAS are as 

listed in its manual4. 

ü Method used for the Time of Concentration: 

The method described in the TR-55 publication of ñThe Natural Resource Conservation Service (NRCS 

(ex SCS)ò was used.  The data needed are:   

¶ The 24-hour rainfall for a 2-year return period,  

¶ The basin slope, 

¶ The flow distance on the land surface for the three flow conditions as defined by NRCS and 

which are: sheet flow, shallow concentrated flow and stream flow. 

The time of concentration is calculated as the sum of the time of concentration of the upstream basin and 

the flow time of each sub-basin which is included in the main flow path of the stream. 

The 24-hour rainfall for a 2-year return period is computed, for each sub-basin, by considering the weight 

of each meteorological station on the sub-basin. These values are written on the Table of ArcMAP. 

Subsequently, and using the tools of HEC-GeoHMS, the tc (concentration time) is evaluated, for the 

definition of which, a roughness coefficient for ñsheet flowò is given (as shown in Table 3.1 in the WDD Final 

report for Pedieos). 

The stream gradient is derived by ArcMAP and the GeoHMS tool. 

ü Conversion of point rainfall to areal: 

For the cases of large (>20km2) and very large (>150km2) basins the point rainfall is reduced to areal by 

using the diagrams provided by WMO5.  

The assumed ARF (Area Reduction Factors) are: 

¶ ARF= 0.93 was assumed for the total of the basin at the point of discharge (122.44 km2 and 

tc=9.6 hours) 

¶ ARF=0.98 at the weir location 6-1-1-85 (30.18km2 and tc =3.26 hours) 

¶ At weir 6-1-1-80 no reduction factor was used (<20 km2).  

The Area Reduction Factors (ARF) are included in the Simulation Runs for each position as a ratio of 

rainfall. 

ü length of data series: 

- The maximum annual values (m3/s) of the period 1968 to 2010 (or 42 values available with the 

year 1973 missing) were used for the weir 6-1-1-80. 

- The maximum annual values (m3/s) of the period 1968 to 2001 (or 33 values available with the 

year 1973 missing) were used for the weir 6-1-1-85. 
 

ü Probability Distribution: 

- The selected as the most suitable distribution was the EV2-Max (L-Moments) after examining all 

possible distributions.  
 

ü  Validation: 

- A comparison of the peak flows obtained by the statistical analysis of the measured annual 

maximum values for 20, 100 and 500 years was made with the peak flows derived by the 

hydrological models based on design storms of such frequency. 

 

                                                           
4 HEC-RAS - Hydraulic Reference Manual AND Hydraulic Design of Highway Culverts (FHWA 1985). 

5 Ven Te Chow et al, 1988: Applied Hydrology, International Edition. 
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ü Initial Moisture (Ia): 

This is based on the SCS instructions and constitutes 20 % of the maximum storage S on the occasion that 

the antecedent soil condition is wet or dry, and is a function of the coefficient of CN, where:  

Ia = 0.2xS, and S(mm) =(25400-254xCN)/CN  6 thus Ia=0.20 x (25400-254 x CN)/CN)  

ü Antecedent soil moisture conditions before the start of storm:  

For the simulation of the 20-year storm event, a mean initial moisture was assumed for which the CN was 

calculated and the initial losses were evaluated. 

For the 100 and 500-year storm event, the soil is assumed saturated and the initial conditions were 

considered wet (AMCIII) and the relevant CN values and initial losses were accordingly calculated. 

Additional models with other antecedent soil moisture conditions (wet or dry) instead of the initial model 

which assumed mean moisture conditions were examined7.  

ü The SCS Synthetic Unit Hydrograph (UH) used:  

This is a single-peak dimensionless UH. This UH shows the flow of Ut as a ratio to the peak flow Up for 

each time t, a fraction of Tp, the time to peak, Up.  

Where: 

Á Up=C (A/Tp) where A= area, and C=2.08, and 

Á Tp=(ȹt/2)+tlag where ȹt=duration of excess rain, and tlag = basin time lag (time difference 

between the mass of excess rain and the peak flow of the UH) 

and 

Á Ut is the volume of the Unit Hydrograph (m3) 

Á Up is the unit hydrograph peak discharge (m3/s) 

Á Tp is the time to peak discharge (hr) 

Á A is the area of the watershed (km2) 

Á The coefficient C of 2.08 is for unit rainfall of 1 cm (In the case study the rainfall input to the model 
is in mm) 

With known Tp and Up the UH could be constructed from the dimensionless shape. 

For the basins that have no rainfall and runoff measurements tlag (lag-time) can be related to the time of 

concentration tc, as: tlag =0.6tc 

ü Summary of the calibration procedure: 

Initially for all events, a choice of moisture conditions on the basis of antecedent rainfall was made.  

This was followed by optimization of the basin hydrologic parameters at all stations for all events, through 

the optimization trials of HEC-HMS.  

The SCS model that is used is an ñevent modelò and not for long-term simulation (continuous). Thus some 

historic rain graphs that were available with the WDD could not be accepted. In this case the calibration 

aimed at the optimal modelling of the first main peak event. 

The parameter values of the optimization trials of a single event or the mean of these from a number of 

single events for which the procedure gave values of the same order, were tried in the remaining historic 

events.  

                                                           
6 Soil Conservation Service (USA) where (S (inches)=1000/CN -10) 

7 Ven Te Chow et al 1988: Applied Hydrology, International Edition Page 149  
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The CN, the quantity of initial losses and the lag time of the basins are the 

parameters which were modified for improved model adaptation to observed values during calibration. 

Finally, the optimal values of these parameters that gave the optimal result to most of the historic cases 

were selected. 

ü Time step used for calibration/validation runs: 

Historic floods used for the calibration procedure: 

Á Floods of 09/01/1989 and 12/02/2003 at the weir 6-1-1-80 

Á Floods of 09/01/1989 and 02/12/1992 at the weir 6-1-1-85 

both weirs are upstream of the Tamassos Dam. 

The storm data are introduced as ñTime series Dataò, ñPrecipitation Gageò.  

ü Time step: 

A time window was set up starting at 08:05 am and lasting for some multiple of 24hours. The time window 

normally covered 2 days before the time of the peak flow and 1 day after.   

This way, the information on the amount of rain of the previous days is given and thus an evaluation of the 

soil moisture condition can be made when the storm event, that is to be used for the calibration, starts.   

The time step was 5 min. For the cases that the time step of 5 min was greater than (0.29*tlag) for any 

basin, then the time step of 1 min was applied. This did not produce any changes to the results.  

ü Evaluation method for the calibration run 

Calibration by comparison with statistically estimated flood peak flows: 

Analysis of flood frequency is done by use of the software ñHydrogromon Ver. 4.1.0ò developed at the 

National Technical University of Athens, Greece. Use of the sub-system ñPythia-Statistical Analysisò was 

made where after introducing the maximum annual rainfall there is the capability to examine which 

theoretical distribution fits best to the sample with the maximum annual values for each station. The 

suitability control is made with the X2 test with an importance level for a=10 %. 

Finally, the best distribution was selected and the flow at the return period of 20, 100 and 500 years was 

selected, as shown below: 

 

Independent calibration and validation 

Peak flow estimation was made for validation using Fullerôs equation8: 

Q=Qi x F0.8 x (1 + 0.80 x logT) x {1+(2.66 / F0.30)} 

Where: 

Q is flow in m3/s, F the area of the basin in km2, T the period and Qi a coefficient depending on the return 

period. 

                                                           
8 Fuller and the incremental coefficients are derived from the Directions of Writing Studies of Road works 

(Ƀ.Ɇ.ɀ.Ƀ. chapter 8, revision A3) of the Egnatia Road A.E. (WDD 2015)  
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Fullerôs is an approximation of flow being used when there are no detailed 

data for the characteristics of the basin and of rainfall. The incremental coefficients Qi that have been used 

are 2.0 for 20-year, 2.6 for the 100-year and 3.0 for the 500-year.  

The Fuller equation has been developed from statistical analysis of a large number of basins and accepts 

input on the extent of the area and the return period. It is normally used for evaluation of results computed 

more accurately by other methods that require more data. 

No calibration was made for the hydraulic evaluations, which is the flooding through the use of the HEC-

RAS model, downstream the weirs 6-1-1-80 and 6-1-1-85 since no flow data exist within this part of the 

examined stream. The calibration was made only for the hydrologic evaluation (HEC-HMS) at the point of 

the two weirs. 

3.2.2.2.2. Sources and Input data, together with format, spatial and temporal 

resolution for the BINGO Hydrologic Model for  Pedieos watershed  

For the present model application and for calibration on past conditions an ensemble set of five precipitation 

configurations was used. Each rainfall configuration was used as input data for the calibration by the WDD 

model, and its response in terms of runoff is evaluated. In addition to this, the mean precipitation of the 

ensemble set was examined as well. The ensemble set was derived as follows:  

Precipitation output from WP2 was used as input for the hydrological modelling. In more detail, extreme 

precipitation events of the recent past were simulated using the widely-used Weather Research and 

Forecasting (WRF) model (Skamarock et al. 2008) for the research site of Cyprus. The coarse-resolution 

global ERA-Interim reanalysis dataset (Dee et al. 2011) was dynamically downscaled to 1-km (1-hour) 

horizontal (time) resolution.  

The most crucial atmospheric model components for rainfall generation are the parameterization schemes 

of convection and microphysical processes that occur in sub-grid scales. These processes in atmospheric 

models are empirically described either because the complexity and small scales involved make them too 

expensive to be modelled or because there is insufficient knowledge about a specific process to represent 

it mathematically (Warner 2011). Therefore, after testing a large number of microphysics and 

convection parameterization schemes in WP2, our final ensemble set includes precipitation output from 

five WRF configurations. 

The WRF ensemble set is made up of five configurations ñp16, p17, p18, p19 and p20ò as shown in the 

following Figures. The precipitation data series was confined to the Pedieos watershed for the storm event 

of the 8th to 11th of January 1989.  

The runoff data for the above period at the two weir stations 6-1-1-80 and 6-1-1-85 on the two main 

tributaries of the Pedieos River were obtained from the records of the WDD. 

The rest of the parameters for the model were adapted as these were used for the calibrated model 

developed by WDD under the flood modelling implemented in meeting the European Flood Directive 

(2007/60/EC) by the WDD. It should be noted that this hydrologic modelling was calibrated then for the 

same storm as in the present case. 
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3.2.2.2.3. Sample Rainfall ð Runoff graphs for each of the 

WRF configuration of the ensemble set  

A sample of the rainfall-runoff graphs for each of the WRF as produced by the HEC-HMS model for the 

largest sub-basin (W910, see Figure 8) of Pedieos watershed is shown here-below. The graph for the same 

subbasin produced by the WDD hydrologic model using the actual recorded rainfall, is shown first (Figure 

12), so that a comparison can be made between the recorded rainfall event and the one depicted by the 

ensemble set (Figure 13 to Figure 18). 

 

 

 

 

 

Figure 12 Hyetograph of the rain event (loss in red and effective in blue) and the simulated runoff 
by the WDD model 
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Figure 13 Hyetograph of configuration ñp16ò and the simulated runoff for sub-basin W910 
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Figure 14 Hyetograph of configuration ñp17ò and the simulated runoff for sub-basin W910 
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Figure 15 Hyetograph of configuration ñp18ò and the simulated runoff for sub-basin W910 
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Figure 16 Hyetograph of configuration ñp19ò and the simulated runoff for sub-basin W910 
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Figure 17 Hyetograph of configuration ñp20ò and the simulated runoff for sub-basin W910 
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Figure 18 Hyetograph of the mean of the ensemble set and the simulated runoff for sub-basin W910 
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3.2.2.3. Calibration and validation strategies  

As indicated earlier, the model that was calibrated by the WDD was employed for the BINGO research on 

Pedieos for consistency purposes with the decision authorities and local stakeholders. As such, the present 

effort adapted in full the model as it was calibrated by the WDD and assumed the same parameters that 

were used for running the model. Some pertinent points on the parameters, the calibration etc. are as 

shown above.  

The final calibration run for the WDD model which appears to have reached a good matching level 

comparing the simulated runoff to the observed at the weirs 6-1-1-80 and 6-1-1-85 is shown on Figure 19 

and Figure 20 respectively. 

 

Figure 19 Final calibration of simulated against observed runoff at weir 6-1-1-80 for the storm event 
of 8 to 11 January 1989 of the hydrologic model developed by WDD under the EU Flood Directive 
2007/60/EC 

As it is mentioned in D3.3 the model that was calibrated by the Water Development Department (WDD) for 

the Flood Directive implementation was employed for the BINGO research on Pedieos for consistency 

purposes with the competent authority (WDD) and local stakeholders. The choice of this calibrated model 

was made, so as to have compatible results with the results of the competent authority when the Flood 

Directive study was implemented. 

The methodology used for the rainfall to runoff transformation is the SCS unit hydrograph methodology, 

which is applied to single flood event simulation and not continuous simulation. The objective of the WDD 

calibration procedure was to optimize the first main flood event which this was successfully achieved 

regarding the hydrograph pattern the peak flow and the flood volume. As is shown in the rainfall distribution 

graph below there is one main event followed by two smaller events. It is obvious that the transformed 

methodology creates one hydrograph for each event, fact that does not happen in reality, as the two other 

smaller events were not able to create their own hydrograph. Therefore, the objective of the WDD 

calibration procedure was to optimize the first main flood event which this was successfully achieved 

regarding the hydrograph pattern the peak flow and the flood volume 
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Figure 19b: Rainfall distribution graph for the storm event of 8 to 11 January 1989

 

Figure 20 Final calibration of simulated against observed runoff at weir 6-1-1-85 for the storm event 
of 8 to 11 January 1989 of the hydrologic model developed by WDD under the EU Flood Directive 
2007/60/EC 

 

3.2.2.4. Results 

3.2.2.4.1. Results as time series compared to measured data, e.g. runoff  

In Figure 21 to Figure 23 the results of the BINGO Pedieos hydrologic model showing the simulated runoff 

at each of the two weirs as a result of each precipitation configuration (WRF ñp16ò to ñp20ò and for the 

mean values for the whole set) within the ensemble set are shown in comparison to the observed runoff for 

the same weirs. These results refer to the storm of the 8-11 January 1989. 
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The simulated runoff is shown in blue colour and the observed runoff in black. 

 

Figure 21 Simulated runoff as a result of the WRF configuration ñp16ò against the observed runoff 
at the weir 6-1-1-85 

 

Figure 22 Simulated runoff as a result of the WRF configuration ñp16ò against the observed runoff 
at the weir 6-1-1-80 
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Figure 23 Simulated runoff as a result of the WRF configuration ñp17ò against the observed runoff 
at the weir 6-1-1-85 

 

Figure 24 Simulated runoff as a result of the WRF configuration ñp17ò against the observed runoff 
at the weir 6-1-1-80 
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Figure 25 Figure 25 Simulated runoff as a result of the WRF configuration ñp18ò against the 
observed runoff at the weir 6-1-1-85 

 

 

Figure 26 Simulated runoff as a result of the WRF configuration ñp18ò against the observed runoff 
at the weir 6-1-1-80 

 

 

  



D3.3 ð Calibrated water resources models for past conditions  
 

52 
 

 

 

 

Figure 27 Simulated runoff as a result of the WRF configuration ñp19ò against the observed runoff 
at the weir 6-1-1-85 

 

 

Figure 28 Simulated runoff as a result of the WRF configuration ñp19ò against the observed runoff 
at the weir 6-1-1-80 
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Figure 29 Simulated runoff as a result of the WRF configuration ñp20ò against the observed runoff 
at the weir 6-1-1-85 

 

 

Figure 30 Simulated runoff as a result of the WRF configuration ñp20ò against the observed runoff 
at the weir 6-1-1-80 
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Figure 31 Simulated runoff as a result of the WRF Ensemble set mean of the five configurations 
against the observed runoff at the weir 6-1-1-85 

 

 

Figure 32 Simulated runoff as a result of the WRF Ensemble set mean of the five configurations 
against the observed runoff at the weir 6-1-1-80 

3.2.2.4.2. Flooding as per the results for each of the Ensemb le precipitation 

configurations  

The spatial distribution of the flood in the riparian areas of the Pedieos River downstream the Tamassos 

dam for each of the WRF precipitation configurations will be carried out using the HEC-RAS and the HEC-

GeoRas presented earlier. 

This will be carried out at the next stage of the research activity when the past conditions will be compared 

to future climate change conditions.   
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3.2.3. Model evaluation and discussion  

3.2.3.1. Evaluation of the goodness of fit of the model  

The configurations ñp16ò and ñp17ò exhibit a definite lag (about 10 hours) in the arrival of the peak runoff 

as compared to the observed runoff. The volume and the peak flow appear to be sufficiently close. 

The hydrograph pattern of the simulated runoff of configuration ñp18ò coincides with the observed runoff 

but it appears to be of smaller volume. 

The configuration ñp19ò exhibits a peak runoff advanced by about 10 hours as compared to the observed 

runoff at both weirs. Volume wise it appears sufficiently reasonable.  

The configuration ñp20ò shows similarly as the ñp19ò an advancement of the simulated runoff but also a 

sizable reduction of volume and peak flow. 

The mean of the ensemble set shows reasonable coincidence of the simulated runoff hydrograph to that of 

the observed runoff but both the peak and volume are much less. 

Table 4 shows a summary of the results on volume, lag time of peaks and other statistical evaluations for 

all the configurations both for the simulated and the observed flows at each weir. 

3.2.3.2. Discussion on the model results as presented above  

The variation in the simulated results to the observed runoff for the various precipitation configurations are 

the result of the downscaling, mainly on the rainfall time distribution as compared to the real occurrence of 

the storm. These results should enable an improvement on the choice and manipulation of the rainfall as 

obtained from the WRF.  

A potential reason for some shortcomings could be the accuracy of the weirs especially on low flows where 

diversions may be carried out. 

The model was applied on an extreme event which is rather well represented which is important for decadal 

predictions. 

As per the NSE results shown in Table 5 below, the runs for the WRF ensemble configurations number 

ñp18ò and for the mean of all configurations appear to give acceptable matching of the simulated flows to 

the observed ones. These results could be improved if further adjustment is made on the precipitation 

configurations, mainly on the time distribution, so that the distribution of flow in time is more in line with the 

observed flows or if the model parameters are further adjusted, something though that would come in 

contrast with the available final flooding model for the Pedieos as produced by the WDD. 

The hydrologic modelling results obtained should enable further refinement in the production of the 

precipitation ensemble set configurations. 
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Table 5 Summary of results for each WRF configuration 

  WRF configuration 

  p16 p17 p18 p19 P20 Ensemble Mean 

 
 

Weir 
6-1-1-85 

Weir 
6-1-1-80 

Weir 
6-1-1-85 

Weir 
6-1-1-80 

Weir 
6-1-1-85 

Weir 
6-1-1-80 

Weir 
6-1-1-85 

Weir 
6-1-1-80 

Weir 
6-1-1-85 

Weir 
6-1-1-80 

Weir 
6-1-1-85 

Weir 
6-1-1-80 

NSE* -0.856 -3.103 -0.286 -1.187 0.279 0.011 -0.543 -1.036 -0.465 -0.724 0.252 0.152 

Mean abs error** 
(m3/s) 

14.1 5.2 10.9 4.5 8.6 3.6 12.8 4.8 11 4.0 7.5 2.9 

RMS Error***(m3/s) 19.5 9.6 16.2 7.0 12.1 4.8 17.8 6.8 17.3 6.2 12.4 4.4 

Volume Residual 
(×1000m3)**** 

75.2 -34.6 411.6 -130.7 -1746.5 -910.3 -1664.9 -659.3 -2798.5 -1257.4 -1255.8 -645.2 

Simulate
d Results 

Peak 
Discharg
e (m3/s) 

81.7 49 56.6 25.9 24.9 14.3 33.4 18.8 8.7 3.7 19.7 9.3 

Volume 
(×1000m3

) 
3278.9 1389.5 3619.7 1293.3 1456.8 513.8 1619.0 765.8 490.7 167.5 1992.2 779.4 

Date/Tim
e of peak 
discharge 

09Jan198
9 08:00 

09Jan198
9 08:00 

09Jan198
9 07:00 

09Jan198
9 06:00 

09Jan198
9 17:00 

09Jan198
9 16:00 

10Jan198
9 07:00 

10Jan198
9 06:00 

10Jan198
9 13:00 

10Jan198
9 06:00 

09Jan198
9 08:00 

09Jan198
9 07:00 

Observe
d Results 

Peak 
Discharg
e (m3/s) 

69.6 18.3 69.6 18.3 69.6 18.3 69.6 18.3 69.6 18.3 69.6 18.3 

Volume 
(×1000m3

) 
3202.2 1424.1 3202.2 1424.1 3202.2 1424.1 3202.2 1424.1 3202.2 1424.1 3202.2 1424.1 

Date/Tim
e of peak 
discharge 

09Jan198
9 18:00 

09Jan198
9 18:00 

09Jan198
9 18:00 

09Jan198
9 18:00 

09Jan198
9 18:00 

09Jan198
9 18:00 

09Jan198
9 18:00 

09Jan198
9 18:00 

09Jan198
9 18:00 

09Jan198
9 18:00 

09Jan198
9 18:00 

09Jan198
9 18:00 

* Nash-Sutcliffe efficiency (NSE):  The Nash-Sutcliffe efficiency (NSE) is a normalized statistic that determines the relative magnitude of the residual variance (ñnoiseò) compared to the measured data variance 

(ñinformationò) (Nash and Sutcliffe, 1970). NSE indicates how well the plot of observed versus simulated data fits the 1:1 line. NSE is computed as shown in equation 1: 
where Yiobs is the ith observation for the constituent being evaluated, Yisim is the ith simulated value for the constituent being evaluated, Ymean is the mean of observed data for the 
constituent being evaluated, and n is the total number of observations.  
NSE ranges between īÐ and 1.0 (1 inclusive), with NSE = 1 being the optimal value. Values between 0.0 and 1.0 are generally viewed as acceptable levels of performance, whereas 
values <0.0 indicates that the mean observed value is a better predictor than the simulated value, which indicates unacceptable performance.  
Sevat and Dezetter (1991) found NSE to be the best objective function for reflecting the overall fit of a hydrograph. 

**Mean absolute error is a quantity used to measure how close forecasts or predictions are to the eventual outcomes. The mean absolute error is given by  
As the name suggests, the mean absolute error is an average of the absolute errors, where is the prediction and the true value. Note that alternative formulations may include 
relative frequencies as weight factors. 
 

*** Root mean square error is the square root of the mean/average of the square of all of the error. The use of RMSE is very common and it makes an excellent general purpose error metric for numerical 
predictions. 

Compared to the similar Mean Absolute Error, RMSE amplifies and severely punishes large errors.  

 
****Volume residual: the difference between the simulated volume of flow and the observed volume of runoff (based on exactly the same period for which data are available) as applied to 

the observed data.  Negative values indicate less volume of simulated runoff
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4. Germany  

4.1. Model objectives in BINGO  

The two main goals in BINGO are: a) improving existing hydrological models for the Wupper River Basin by 

including more detailed field data input, and b) enhancing the models by using ensemble predictions and 

circulation models. Under BINGO framework, Wupperverband is focusing on two pilot areas: the Dhünn 

catchment area (ca. 200 km²) and the Mirke catchment area (ca. 8 km²). The Dhünn River is the main 

tributary of the Wupper River. In 2010, Wupperverband commissioned a subcontractor (Hydrotec) to support 

the development of a detailed hydrological model for the Dhünn catchment area. Nine sub-basins of the 

Dhünn River Basin were modelled individually due to the availability of previously built up models and the 

need of performing separated calculations. The models are interdependent: outflow from upstream models 

is used as input for downstream models. The models are able to reproduce the whole water balance for both 

flood and water scarcity scenarios. NASIM software is used for water balance modelling due to its high level 

of detail regarding structures (capabilities, accuracy, flexibility, and deep level of detail), which makes it 

adequate to represent complex urban areas. The deep level of detail must go together with data availability, 

which is fortunately the case.  

In 2016, Wupperverband commissioned another subcontractor (Sydro Consult) to support the update of an 

existing TALSIM model for the Dhünn catchment. The strength of TALSIM is the possibility of simulating 

reservoirs operation according to different rules or scenarios. The resolution of the TALSIM model is lower 

in comparison to NASIM since the former runs operationally (i.e., online) for Wupperverbandôs forecast and 

warning system (FEWS = flood early warning system). The Mirke model has been operated, updated, and 

improved permanently since 2008 for flood risk management by using radar data and defining thresholds 

for runoff generation. The Mirke basin is of particular importance since initiatives for flood risk management 

have been implemented in line with the EU water framework directive. These models and the two pilot areas 

are considered representative for modelling purposes as well as for historical and upcoming challenges 

regarding water management (flood protection and water supply). 

4.2. Model application 

4.2.1. Model description 

NASIM and TALSIM are sub-catchment based (lumped), physically-based, water balance models based on 

the water balance equation. They estimate effective precipitation considering vertical processes, 

transforming it into surface runoff as translation or horizontal process (see Figure 33).  

The vertical processes simulated by NASIM/TALSIM are: 

1. Interception 

2. Infiltration 

3. Exfiltration / percolation 

4. Evapotranspiration (ET)  

5. Capillary rise (in  floodplains)  

6. Snow: estimation by temperatures under 0°C (Snow-Compaction-Procedure) 
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Figure 33 Vertical and horizontal hydrological processes (source: TALSIM) 

The horizontal processes simulated by NASIM are 

1. Surface runoff 

2. Interflow 

3. Deep interflow 

4. Baseflow 

Runoff is calculated according to the following equation: 

Ὁὖ ὖὸ ὖὉὝὸ Ὅὸ  eq. (1) 

Where: 

EP: Effective precipitation 

P: Precipitation 

PET: Potential evapotranspiration 

I: Infiltration 

O: Surface water storage 

S: Snow storage 

The main processes that describe the soil water storage are: infiltration, exfiltration, and evapotranspiration 

(ET). Each of them depends on soil moisture (non-linear function). 

For sealed areas, where no infiltration and subsurface storage occur, the terms  and Ὅὸ are not 

considered (see eq. 2): 

Ὁὖ ὖὸ ὖὉὝὸ   eq. (2) 

For unsealed areas, effective precipitation is estimated either by: i) constant runoff coefficient; ii) SCS-CN 

procedure (depends on land cover and soil type); or iii) soil moisture simulation. The soil moisture simulation 

method is applied in the developed models of the Wupperverband. 

The soil moisture simulation parameters are: 

¶ Land cover input parameters: root depth, sealing degree, leaf area index 
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¶ Soil type input parameters: wilting point, field capacity, total void volume, saturated hydraulic 

conductivity, maximum infiltration capacity, maximum capillary rise rate, and classification per soil 

class (e.g., sand, silt, clay) 

The processes that influence the soil moisture simulation (see eq. 3) are:  

¶ Infiltration (Inf) 

¶ Percolation (Perc) 

¶ Actual ET (AET) 

¶ Interflow (Int) 

¶ Capillary rise (Cap) 

ὍὲὪὸ ὖὩὶὧὸ ὃὉὝὸ Ὅὲὸὸ ὅὥὴὸ eq. (3) 

Where ὸ is soil moisture as a time dependent function. 

Potential evapotranspiration (PET) must be calculated prior to entering it into the model with Haude or 

Penman procedures, depending on data availability. In this case, PET was calculated using the Haude 

method. Table 6 shows the input and output time series. 

Table 6 Input and output time series 

Input time series Output time series 

Precipitation Runoff 

Air temperature (for snow layer 

calculation) 
Interflow 

Potential evapotranspiration Baseflow 

  

Evaporation (from the reservoirós 

surface) 

Actual evapotranspiration 

Effective precipitation 

  Soil moisture 

  Snow depth 

4.2.2. Model set-up 

Figure 34 shows the catchment area of the Dhünn River, with an area of ca. 203 km², and Figure 35 presents 

the Dhünn River Basin divided into nine sub-basins (NASIM model). Figure 36 to Figure 44 show the nine 

hydrological models with their respective sub-basins. Figure 45 and Figure 46 show the sub-basins of the 

Dhünn River Basin (TALSIM model) and the TALSIM model structure, respectively. Figure 47 shows the 

main rivers and streams of the Dhünn catchment area as well as the hydrometric stations used for the model.  

Figure 48 shows the catchment area of the Mirke Creek, with a total area of ca. 8 km² with the delineated 

sub-basins (NASIM model). 
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Figure 34 Dhünn River Basin and hydro-meteorological stations used for the Dhünn model 

 

 

 

Figure 35 Nine modelled sub-basins of the Dhünn River Basin within the NASIM Model 
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Figure 36 Upper Große Dhünn   Figure 37 Dhünn reservoir 

 

  

Figure 38 Eifgenbach    Figure 39 Scherbach 

 

 

Figure 40 Katterbach    Figure 41 Mutzbach 

  

Figure 42 Linnefe    Figure 43 Ophovener Mühlenbach 
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Figure 44 Lower Große Dhünn 

 

 

Figure 45 Sub-basins of Dhünn River Basin ï TALSIM model (GDT  catchment area) 
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Figure 46 TALSIM model structure - Dhünn River Basin (GDT catchment area) 

 

Figure 47 Rivers and streams and hydrometric stations of the Dhünn catchment area (source: 
Hydrotec, 2011) 
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Figure 48 Mirke catchment area (NASIM model) 

 

4.2.3. Hydro-meteorological data 

Figure 34 shows the location of the hydro-meteorological stations used for the models. All stations are 

operated by the Wupperverband except Manfort hydrometric station (operated by LANUV9). The format used 

for input time series into the model is uvf (Universal Variable Format).  

Table 7 presents a summary of the precipitation stations. Temporal resolution is not equidistant: the 

meteorological stations register only changes in precipitation.  

                                                           
9 Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen 
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Table 8 presents a summary of the hydrometric stations used for model calibration with the respective 

period of observed discharge values. Temporal resolution is not equidistant: the hydrometric stations register 

only changes in water level. Table 9 shows typical flow rates of each hydrometric station. 

 

Table 7 Precipitation stations used for the Dhünn model 

Station name Station code From To Temporal resolution 

Bever-Talsperre SBEV 06.12.1967 31.10.2015 Minutely 

Burscheid SBUR 01.01.2002 31.10.2015 Minutely 

Klärwerk Leverkusen SLEV 01.11.1973 31.10.2015 Minutely 

Klärwerk Dabringhausen SDAB 01.11.2002 31.10.2015 Minutely 

Klärwerk Odenthal SODT 01.11.1973 31.10.2015 Minutely 

Klärwerk Wermelskirchen SWER 01.11.1991 31.10.2015 Minutely 

Lindscheid SLIN 01.11.1973 31.10.2015 Minutely 

Neumühle SNEM 01.11.1973 31.10.2015 Minutely 

Unterpilghausen SPIL 01.11.2001 31.10.2015 Minutely 

Vorsperre Große Dhünn SVO$ 02.11.1987 31.10.2015 Minutely 

*Westhofen SWES 01.11.1973 02.05.2010 Minutely 

*Westhofen precipitation station has been out of operation since 2010. Time series of Westhofen 

precipitation station were generated synthetically from 02.05.2010 to 31.10.2015 with Neumühle station 

(closest neighbour precipitation station) by using an incremental correlation factor of 1,03 (MAP10 of 

Westhofen is higher). 

Table 8 Hydrometric stations used for the Dhünn model 

Station name Station code From To Temporal resolution 

Dünnwald SDUE 01.10.1994 29.08.2000 Minutely 

Finkenholl SFIN 01.11.2002 01.03.2011 Minutely 

Hummelsheim SHUM 01.11.1988 01.11.2015 Minutely 

Linnefe SLIF 03.11.2003 08.11.2004 Minutely 

Loosenau SLOS 01.11.1988 01.11.2015 Minutely 

Manfort SMAN 01.11.1988 19.01.2015  Minutely 

Markusmühle SMAR 20.10.2002 01.11.2015 Minutely 

Neumühle SNEM 11.12.1964 01.11.2015 Minutely 

Paffrath SPAF 01.08.1995 04.11.2002 Minutely 

Scherbach SSHE 21.09.2000 19.09.2011 Minutely 

Schlebusch SSLB 01.11.2006 01.11.2015 Minutely 

Unterpilghausen SPIL 01.11.1988 01.11.2015 Minutely 

 

                                                           
10 Mean Annual Precipitation 
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Table 9 Typical flow rates of the hydrometric station 

Station name 
Station 
code 

MQ11 
[m³/s] 

MNQ12 
[m³/s] 

MHQ13 
[m³/s] 

River / stream 

Dünnwald SDUE 0,073 0,032 0,408 Mutzbach 

Finkenholl SFIN 0,265 0,064 3,644 Eifgenbach 

Hummelsheim SHUM 1,679 0,551 21,000 Dhünn 

Linnefe SLIF n/a n/a n/a Linnefe 

Loosenau SLOS 0,682 0,078 8,410 Dhünn 

Manfort SMAN 2,253 0,426 13,47 Dhünn 

Markusmühle SMAR 0,497 0,106 8,337 Eifgenbach 

Neumühle SNEM 0,513 0,037 8,960 Große Dhünn 

Paffrath SPAF 0,027 0,050 0,629 Katterbach 

Scherfbach SSHE 0,500 0,181 3,736 Scherfbach 

Schlebusch SSLB 2,017 0,517 20,800 Dhünn 

Unterpilghausen SPIL 0,280 0,023 4,770 Kleine Dhünn 

 

Potential evapotranspiration (PET) was estimated with Haude. The necessary data are temperature at 14:00 

and air humidity. Table 10 presents a summary of the meteorological stations used for each model. Past 

data (i.e., before 2000) from Buchenhofen climatological station comes from the German Weather Service 

(DWD14). 

Table 10 Climatological time series used for the Dhünn model 

Parameter Station name Station code From To Temporal resolution 

Air temperature Buchenhofen  SBUC 01.11.1951 01.11.2015 Daily 

Air temperature Leverkusen SLEV 01.01.1970 31.10.2015 Daily 

PET (Haude) Buchenhofen  SBUC 01.01.1959 01.11.2015 Daily 

PET (Haude) Leverkusen SLEV 01.01.1970 01.11.2015 Daily 

4.2.4. Calibration and validation strategies 

Calibration of the nine models was performed manually, event-based by comparing observed and simulated 

discharge, with a time step for all simulations of 15 min. The precipitation time series for each sub-catchment 

of each model was obtained using the Thiessen polygon method. The same precipitation assignment 

procedures were applied for both calibration and validation processes. Calibrated parameters are presented 

in Table 11. 

 

 

 

 

 

                                                           
11 Mean runoff (Mittlerer Abfluss) 
12 Mean low runoff (Mittlerer Niedrigwasserabfluss) 
13 Mean maximum runoff (Mittlerer Hochwasserabfluss) 
14 Deutscher Wetterdienst 
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Table 11 Calibrated parameters for the nine models of the Dhünn River Basin 

Parameter Unit Range 

    From To 

Max. interception mm 2 - for urban areas 
8 - for coniferous 

forest 

Retention constant  

(surface runoff) 
h 7 10 

Retention constant  

(interflow) 
h 25 30 

Retention constant  

(baseflow) 
h 700 1000 

Max. infiltration mm/h 100 600 

Vertical hydraulic  

conductivity 
mm/h 0,08 0,13 

Table 12 shows the calibration points and Table 13 presents the calibration period of each model as well as 

the areas of each sub-basin. The hydrological year in Germany starts on 1st November. Sub-basin 

delineation was carried out according to the drainage area of each hydrometric station (i.e., each calibration 

point). 

 

Table 12 Calibration points of the nine models 

Model / Sub-basin Hydrometric station used for calibration / validation 

Upper Große Dhünn Neumühle (SNEM) 

Dhünn reservoir Unterpilghausen (SPIL), Loosenau (SLOS), and GDT storage volume 

Eifgenbach Finkenholl (SFIN) and Markusmühle (SMAR) 

Linnefe Linnefe (SLIF) 

Scherbach Scherfbach (SSHE) 

Mutzbach Dünnwald (SDUE) 

Katterbach Paffrath (SPAF) 

Ophovener Mühlenbach n/a 

Lower Große Dhünn Hummelsheim (SHUM), Manfort (SMAN), and Schlebusch (SSLB) 

Since some hydrometric stations are no longer in operation (see Table 8), the models Linnefe, Scherfbach, 

Mutzbach, Eifgenbach, and Katterbach could not be validated for recent years (i.e., 2009 to 2015). The 

Linnefe model could not be validated for any time period since the whole available time series of Linnefe 

hydrometric station was used entirely for calibration. The Ophovener Mühlenbach model could not be neither 

calibrated nor validated due to lack of data (there are no hydrometric stations in this sub-basin).  
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Table 13 Calibration and validation periods 

Model / Sub-basin 
Area 

[km²] 

Calibration 

begin 

Calibration 

end 

Validation 

begin 

Validation 

end 

Upper Große Dhünn 
23,3 

06.11.2001 01.11.2009 01.11.1973 06.11.2001 

     01.11.2009 01.11.2015 

Dhünn reservoir 38,25 25.05.2006 05.04.2009 
06.11.2002 

05.04.2009 

15.03.2006 

01.11.2015 

Eifgenbach 
32,91 

08.03.2006 05.04.2009 06.11.2002 15.03.2006 

     01.11.2009 01.11.2015 

Linnefe 17,59 12.12.2003 30.09.2004 n/a n/a 

Scherfbach 5,25 10.12.2006 19.03.2009 20.03.2001 07.06.2006 

Mutzbach 19,89 01.11.1992 31.10.1993 28.06.1996 10.10.1999 

Katterbach 5,46 01.11.1997 31.10.1999 28.08.1996 26.07.2000 

Ophovener Mühlenbach 5,04 n/a n/a n/a n/a 

Lower Große Dhünn 66,07 29.03.2006 08.04.2009 
18.03.2001 

08.04.2009 

02.03.2005 

19.01.2015 
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4.2.5. Results 

4.2.5.1. Upper Große Dhünn 

The simulation results for the Upper Dhünn from 1973 to 2015 are presented in Figure 49. Figure 50 shows 

some simulated events. 

 

Figure 49 Upper Große Dhünn - observed and simulated discharge at Neumühle hydrometric station 
(blue: observed; red: simulated 
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Figure 50 Upper Große Dhünn - event simulations (blue: observed; red: simulated) 

4.2.5.2. Dhünn reservoir 

The Dhünn reservoir model presents a good agreement at the stations Unterpilghausen (Figure 51) and 

Loosenau (see Figure 52). Figure 53 presents observed and simulated discharge at the GDT, including the 

guiding function for storage volume (OL)15, for the calibration and validation periods. The simulation 

considers the operational rules of the GDT, which are summarized as follows: 

¶ Drinking water supply: 1205 l/ s as constant release 

¶ Minimum discharge downstream: 1 m³/s at Manfort hydrometric station 

¶ Reservoir filling: retention if volume is smaller than the guiding function for storage volume 

¶ Flood protection: retention if discharge at Manfort hydrometric station is greater than 30 m³/s 

                                                           
15 In German: Orientierungslinie 
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Figure 51 Dhünn reservoir ï observed and simulated discharge at Unterpilghausen hydrometric 
station (blue: observed; red: simulated) 

 

Figure 52 Dhünn reservoir ï observed and simulated discharge at Loosenau hydrometric station 
(blue: observed; red: simulated) 
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Figure 53 Observed and simulated volume at the GDT, including the guiding function for storage 
volume (OL) (blue: observed; red: simulated) 

4.2.5.3. Eifgenbach 

Figure 54 and Figure 55 show observed and simulated discharge of single events at Markusmühle and 

Finkenholl hydrometric stations. The Eifgenbach model shows a good agreement between observed and 

simulated discharge (see Figure 56 and Figure 57). There is a better model fit at the Markusmühle station 

(most downstream station) than at Finkenholl station. 

 

Figure 54 Eifgenbach ï event simulation Markusmühle (blue: observed; red: simulated) 
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Figure 55 Eifgenbach ï event simulation Finkenholl (blue: observed; red: simulated) 

 

 

Figure 56 Eifgenbach - observed and simulated discharge at Finkenholl hydrometric station (blue: 
observed; red: simulated) 
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Figure 57 Eifgenbach - observed and simulated discharge at Markusmühle hydrometric station (blue: 
observed; red: simulated) 

4.2.5.4. Linnefe 

The Linnefe model shows a good agreement between observed and simulated discharge (see Figure 58). 

As mentioned earlier, this model could not be validated for any time period since the whole available time 

series of Linnefe hydrometric station was used entirely for calibration. This station is no longer in operation. 
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Figure 58 Linnefe - observed and simulated discharge at Linnefe hydrometric station (blue: 
observed; red: simulated) 

4.2.5.5. Scherfbach 

This model presented water balance implausibility: observed discharge is higher than the accumulated 

precipitation for the hydrological years 2003 to 2009 (see Figure 59). The rainfall-runoff relation seems to be 

plausible only for the hydrological years 2001 and 2002. In the case of the Scherfbach model, simulated 

discharge seems to be more plausible than observed discharge. Nevertheless, observed discharge was 

used to calibrate the wave rise and its course as well as for model validation. The yearly water balance 

implausibility could be due to an inappropriate rating curve, so observed discharge at this station is not 

reliable. Figure 60 and Figure 61 show observed and simulated discharge of some events at the Scherfbach 

station, where the shape of observed and simulated hydrographs seems to coincide.  

 

Figure 59 Scherfbach - observed and simulated discharge at Scherfbach hydrometric station (blue: 
observed; red: simulated; grey: accumulated precipitation) (source: Hydrotec, 2011) 
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Figure 60 Scherfbach - observed and simulated discharge at Scherfbach hydrometric station (blue: 
observed; red: simulated) 

 

Figure 61 Scherfbach - observed and simulated discharge at Scherfbach hydrometric station (blue: 
observed; red: simulated) 

4.2.5.6. Mutzbach 

The Mutzbach model had been previously calibrated (see Table 13). Figure 62 shows observed and 

simulated discharge (hydrographs), and Figure 63 presents accumulated observed and simulated discharge 

(i.e., accumulated volume), at the Dünnwald hydrometric station. Cumulative discharge for the hydrological 

years 1997 to 1999 (i.e., validation period, see Figure 63) presents a better fit than for the calibration period.  
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Figure 62 Mutzbach - observed and simulated discharge at Dünnwald hydrometric station (blue: 
observed; red: simulated) 

 

Figure 63 Mutzbach ï accumulated observed and simulated discharge at Dünnwald hydrometric 
station (blue: observed; red: simulated) 
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4.2.5.7. Katterbach 

Figure 64 shows observed and simulated discharge for the hydrological year 1999. This model only presents 

satisfactory results for some events within the validation period (see, e.g. Figure 65). For other events, there 

is a discrepancy between observed and simulated discharge, not only in terms of peak discharge magnitude 

but also in terms of baseflow (see Figure 66). 

 

 

Figure 64 Katterbach ï observed and simulated discharge at Paffrath hydrometric station (blue: 
observed; red: simulated) 

 

Figure 65 Katterbach ï good model fit of observed and simulated discharge at Paffrath hydrometric 
station (blue: observed; red: simulated) 
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Figure 66 Katterbach ï bad model fit observed and simulated discharge at Paffrath hydrometric 
station (blue: observed; red: simulated) 

4.2.5.8. Lower Große Dhünn 

Boundary conditions of this model include inflow from the Dhünn reservoir model. Figure 67 shows observed 

and simulated discharge at Hummelsheim for a single event. Figure 68 presents observed and simulated 

discharge at Manfort hydrometric station, for the calibration period. The model presents also a good 

agreement at the Schlebusch hydrometric station (see Figure 69). 

 

Figure 67 Lower Große Dhünn ï observed and simulated discharge at Hummelsheim hydrometric 
station (blue: observed; red: simulated) 
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Figure 68 Lower Große Dhünn ï observed and simulated discharge at Manfort hydrometric station 
(blue: observed; red: simulated) 

 

Figure 69 Lower Große Dhünn ï observed and simulated discharge at Schlebusch hydrometric 
station (blue: observed; red: simulated) 

 

 






























































































































































































































































