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Summary 
Low flows are important to consider in water management as low flows can have societal and 

economic impact: by e.g., navigation problems, lack of irrigation water for agriculture, salt intrusion, 

lack of cooling water and bloom of algae. Synthetic time series can be used for low flow frequency 

analysis and for gaining information about the development and characteristics of low flows. The 

Generator of Rainfall And Discharge Extremes (GRADE), consisting of a weather generator, a 

hydrological model and a hydraulic model, has given satisfactory results for simulating peak flows with 

large return periods in the Rhine basin, and it is expected that there is potential to apply the 

combination of models also for low flow analysis. In this research the skill of the hydrological model, 

the skill of the weather generator and the skill of the combination of weather generator and 

hydrological model for simulating low flows in the Rhine basin are evaluated and a first start is made 

with the improvement of skill of the hydrological model. 

Low flows are defined as discharges under the monthly thresholds determined by the Dutch National 

Committee of Water allocation (LCW) and split into thresholds in the growing season and thresholds 

throughout the entire year. For seven discharge locations at the outflow of seven mayor sub-basins in 

the Rhine (Lobith (Lower Rhine), Andernach (Middle Rhine), Cochem (Moselle), Frankfurt (Main), 

Rockenau (Neckar), Rekingen (East Alpine sub-basin) and Untersiggenthal (West Alpine sub-basin)) 

analyses are conducted on the low flow discharges, the low flow events (duration and cumulative 

discharge deficit below the threshold), lake levels, snow covers, groundwater levels and the 

meteorology. After the evaluation of the skill has been decided to improve the performance of the 

hydrological model in part of the East Alpine sub-basin by recalibration. Five parameters, including the 

snowfall correction factor, have been selected and a Monte Carlo simulation has been performed for 

four sub-catchments. 

The results from the evaluation of the skill show that discharges are mainly underestimated in the 

historical simulations by the hydrological model. This causes more low flow events and more severe 

events. In the Alps most underestimation takes place in the summer. The simulation of snow plays a 

role in this. Although a conceptual hydrological model is used, variations in processes like snow, lake 

levels and groundwater are captured well. The synthetic series of the weather generator simulates 

periods of dry weather, but less persistent dry periods (especially in the summer), which makes that 

less low flows occur and there is a decrease of extreme severities of low flow events compared to the 

observations, especially for events with the growing season thresholds. In the West Alpine sub-basin 

the snowfall from the weather generator is less than with observed weather, causing more low flows 

in summer. Comparing the synthetic simulations with the observations gives a good skill of the model 

for discharges at Rockenau, return periods of duration at Lobith and Andernach and the return periods 

of duration and severities in the growing season at the Alpine locations. This skill is however based on 

the compensation of two errors. The skill of the hydrological model for simulating low flow 

characteristics has been improved by the recalibration. There is less underestimation of flow and thus 

there are less false alarms. The performance on the other analyses has improved or stayed the same. 

Synthetic weather series are a useful tool in low flow risk assessment, when both the weather 

generator and the hydrological model give acceptable results. In this study is shown that models made 

for simulating peak flows are not necessarily acceptable for low flows. By tracing the important 

processes in the model (in this case snow) and with focus on low flows, improvements in the skill are 

possible. 
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1. Introduction 
Rivers have an important function in society; the water is used for drinking water, irrigation for 

agriculture, cooling water for the industry, navigation and recreation. While there is much attention 

for floods, with the risk of inundations and casualties, also low flows affect the river functions. Low 

flow can be defined in different ways, but it usually refers to the flow in a river during dry periods of 

the year (Smakhtin, 2001). Low flows can cause economic damages: discharge deficits can lead to 

unstable flood defences, salt intrusion, reduction of water quality (higher temperature of water and 

bloom of algae), agricultural losses and navigation problems (Bolwidt et al., 2006). To address the 

return periods of extreme events, outside of the available historical observations, synthetic time series 

can be used. Recently an instrument is made for the Rhine and Meuse river basins that generates 

synthetic discharge series based on synthetic weather series. It has been evaluated for floods. In this 

study the topic of interest is the skill of the synthetic series of simulating low flow characteristics in the 

Rhine. 

Low flows 

The occurrence of low flows depends on a couple of factors: the meteorology, the storages 

(groundwater, lakes and snow) and anthropogenic factors. In flood conditions there is usually a large 

amount of precipitation and the aquifers and the soils are saturated. There is a quick response of the 

basin to precipitation. Low flow conditions exist when there is a lack of precipitation, resulting in 

storages that are not recharged. The storages show a recession curve and only the base flow is adding 

to the stream flow (Smakhtin, 2001). Also melting snow and glaciers and discharge from lakes in the 

Alps are more important for low flow periods. For the Rhine about 70% from the total discharge comes 

from the Alps during summer, when the snow that accumulated in the winter months is melting 

(Middelkoop et al., 1999)). Human influences like groundwater abstractions, river abstractions and 

regulation of the river flow regime by dams and weirs are directly and indirectly influencing the low 

flows too. The processes in low flow periods are more complex than in high water periods and are 

more catchment specific (Gudmundsson et al., 2011). 

Low flows in the Netherlands 

The years 1949, 1959, 1976 (and 2003) are characteristic low flow years in the Netherlands (see Figure 

1). The return periods of these discharge deficits (cumulative volume under the threshold of 1800 m3/s) 

are determined (Beersma & Buishand, 2002). In the autumn of 2015 the most recent low flow period 

on the Rhine occurred. The discharge was below 1500 m3/s for a long time, and also a large part of the 

time around 1000 m3/s (LCW, 2015). This caused low water levels, and problems for navigation. 

Because the low flow period was outside of the growing season, it had no impact on agriculture. In 

press releases there were simple statistics made of the inter-event time between this event and a 

similar one. There is only limited information about the probabilities of low flows that occur or can 

develop in the future in the Netherlands. One of the reasons that there is less attention for low flows 

in rivers in the Netherlands is because there is no legal foundation as there exists for floods. There is 

not a certain low flow event for which there must be protection. The regulation by law for low flows is 

restricted in the Netherlands to setting priorities in the case of a scarcity of water. When the discharges 

from the main rivers Rhine and Meuse are under a threshold value the National Committee of Water 

allocation (LCW) advices on which measures to take. There is a priority list of functions to which the 

water can be allocated. When problems are foreseen, sluices and weirs in the Dutch delta are closed 

to provide more water depth for navigation and to prevent salt water intrusion (Bolwidt et al., 2006). 
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Figure 1 Summer discharges for an average year and three characteristic low flow years, with return periods based on joint 
probability of precipitation deficit and discharge (based on RIZA et al. (2005)).  

Low flow frequency analysis, synthetic series and GRADE 

Low flow frequency analysis is regularly used in studies on low flows. Beersma and Buishand (2002) 

took the discharge deficit (severity) under a fixed threshold as event to study. Others chose the annual 

minimum discharge (Tallaksen & Van Lanen, 2004), the mean annual minimum flow (over n days) (Du 

et al., 2015), the pits under thresholds (Önöz & Bayazit, 2002) or the duration of a continuous low flow 

event under a threshold (Sung & Chung, 2014). A univariate distribution, resampling of discharges, a 

multivariate distribution and severity-duration-frequency curves are used to connect return periods to 

low flow characteristics. A disadvantage of these methods is that there is no indication of how the low 

flow periods develop in time and throughout the basin. There is only a statistical extrapolation of 

observed discharge (deficits) at one location. 

Using synthetic series can be a method to incorporate the spatial and temporal development of low 

flows and to assign probabilities of occurrences to low flow characteristics. For flood risk assessment 

in basins in Germany and Italy the influence of short synthetic rainfall events on the discharge is 

simulated (Brocca et al., 2013; Liersch & Volk, 2008). This is an example of a coupled weather generator 

and hydrological model. Only short time series are simulated. The benefit of this kind of database of 

rainfall events and hydrological responses is that no hydrological experience is needed when looking 

at the events and the impacts. Also for low flow periods synthetic series are used (for evaluating 

reservoir operation rules, the vulnerability of the water resources system or the return periods of low 

flow events), but then often the synthetic series is a discharge series (without the weather generator) 

(Bolgov & Korobkina, 2011; Borgomeo et al., 2015a; Borgomeo et al., 2015b; Salas et al., 2005).  

In 2014 the model combination GRADE (a weather generator, a hydrological model and a hydraulic 

model) has been delivered to address return periods of flood waves (Hegnauer et al., 2014). It is an 

instrument to estimate design discharges and corresponding flood hydrographs by stochastic 

simulation of the weather and hydrological and hydrodynamic modelling. It is considered a useful and 

more realistic approach in addition to the existing high water procedures that exist in the Netherlands, 

because it is no ‘blind’ extrapolation of observed extremes (ENW, 2015). Also for low flows this can be 

a useful method. Using a synthetic series for the weather can make that there are lower discharges 

simulated than observed (something that cannot be achieved by resampling the discharges without 

extrapolating the current distributions).  
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HBV and low flows 

Several hydrological models of river basins are used for low flow analyses, e.g. forecasting, studying 

the effects of climate change or effects of land use changes (De Wit et al., 2007; Demirel et al., 2015; 

Jörg-Hess et al., 2015; Nicolle et al., 2014; Querner et al., 1997; Te Linde et al., 2008). Several of these 

studies used the HBV model from the Swedish Meteorological and Hydrological Institute (SMHI), the 

model that is also used in GRADE. The previous mentioned studies conclude that HBV can be used for 

low flow estimation, but there are several points of attention particularly for low flows. The difficulty 

that HBV has with the distribution of low flow events in a year (Demirel et al., 2013c; Te Linde et al., 

2008) is expected to influence the time series modelling, but the effect on the frequency modelling is 

uncertain. The lower complexity of HBV in comparison with other models is an advantage in this study, 

because large time series have to be simulated. 

1.1. Objective and research questions 
Because of the complexity of low flow mechanisms and the difficulties that studies with HBV to low 

flows have come across, a systematic evaluation of the model GRADE is necessary to see if the model 

(the combination of the weather generator, the hydrological model and the hydraulic model) gives 

realistic representations. Possible improvements can be suggested based on the results of the 

evaluation. With the results of this study the appropriateness of this model for estimating return 

periods of low flows is determined. Using a synthetic time series will improve the risk-based approach 

to low flows, which is already used for floods.  

The objectives of this study are (1) to evaluate the skill of GRADE in simulating low flow events by 

validation on historical data and (2) to indicate whether this skill can be improved. The skill of GRADE 

can be divided into the skill of the weather generator and the skill of the HBV model (the SOBEK model 

is not evaluated in this study). The skill means both whether the model can be used for its purpose and 

whether the model can represent the observed conditions of the area. The results can be used to 

indicate if GRADE can be used to address the return periods of low flows in the Netherlands.  

The following research questions are set up, to achieve the objectives.  

1. What is the skill of HBV? 

1.1. What is the performance of HBV in simulating low flow events with observed meteorology? 

1.2. What is the performance of HBV in simulating lake levels, snow cover and groundwater levels? 

2. What is the skill of the weather generator? 

2.1. What is the performance of weather generator in simulating weather conditions that cause 

low flow events? 

2.2. What is the  performance of the weather generator in simulating weather conditions in 

correspondence with observed weather conditions? 

3. What is the overall skill of GRADE in simulating low flow events and low flow event characteristics? 

4. Which improvements within GRADE can be realised in simulating (characteristics of) low flow 

events and how large is the impact of the improvements? 
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1.2. Outline report 
The report is structured as follows: in section 2 the study area of the Rhine is presented and the used 

data is discussed. Here also a small data analysis is done to see the characteristics of the low flows at 

Lobith and in the sub-basins. In section 3 the methodology is explained, with firstly the used definition 

of low flows as it is used in the study, secondly the evaluation methods of the performances of HBV 

and the weather generator and at last the methods of recalibration. In section 4 the results of the 

model evaluation are shown, and in section 5 the results of the recalibration of the East Alpine basins. 

The discussion follows in section 6 and in section 7 the conclusions and recommendations can be 

found.  
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2. Study area and data 
In this section the study area and the data are described. In section 2.1 the Rhine basin is discussed 

with its sub-basins as used in this study. In section 2.2 the model GRADE is explained and in section 2.3 

the data that is used to evaluate the model is presented.   

2.1. Rhine basin and sub-basins 
The Rhine is in European terms a medium sized river basin. The Rhine basin has an area of 185,000 km2 

(Middelkoop et al., 1999) and stretches out from the Alps in Switzerland to the delta in the 

Netherlands. In this study the part of the basin upstream of Lobith (160,000 km2 (Demirel et al., 2013b)) 

is examined. At Lobith the Rhine flows into the Netherlands and a large part of the Dutch river and 

flood policy is based on the discharge at this location. Downstream of Lobith the Rhine bifurcates into 

the Waal, the Nederrijn and the IJssel and finally discharges in the North Sea.  

The Rhine can be divided into three major hydrological areas with specific characteristics: the Alpine 

area, the German Middle Mountain area and the lowland area (Middelkoop et al., 2001). In this study 

a division of the Rhine basin into seven sub-basins is used (see Figure 2). These are the same basins as 

used before in the studies of Tongal et al. (2013) and Demirel et al. (2013b). The sub-basins consist of 

the three important tributaries (Main, Moselle and Neckar), two sides of the Alps (East and West, 

splitting the Alpenrhein and the Aare) and two sections of the Rhine (Middle and Lower Rhine). This 

division gives the required level of detail to see differences in performance within the Rhine basin.  

 

Figure 2 The seven sub-basins of the Rhine with the locations of the discharge stations and the major lakes. 
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2.1.1. (Low) flows in the Rhine basin 

The seven sub-basins of the Rhine area have different regimes. The regimes are seen in Figure 3  where 

they are characterized as the median discharges per day at the outflow locations of the sub-basins. In 

the Alps more often precipitation falls as snow, due to the low temperatures at high altitudes. The 

snow builds up and stays in the mountains during the winter season. When temperatures rise, a lot of 

the snow melts and flows to the Rhine. In summer months the contribution of flow from the Alpine 

basins is the highest, but also in the winter the median discharge of the alpine basins is about the same 

as the other tributaries. The tributaries Moselle, Main and Neckar are rain fed rivers and have the 

largest discharges in winter and low discharges in summer and autumn, although the differences in 

median discharge in the Neckar basin between seasons are quite limited. In the Middle Rhine basin 

the discharges from the upstream sub-basins join. The discharge regime at Andernach is quite similar 

to that of Lobith. In the Lower Rhine basin the Ruhr, Lippe, Sieg and Erft discharge on the Rhine. 

 

Figure 3 Discharge regimes in the sub-basins of the Rhine. Daily median discharges (Q50) throughout the year. 

In Table 1 different low flow characteristics are calculated for the discharge stations of the sub-basins. 

The characteristics are derived from the whole time series, the time series with a moving average and 

the flow duration curves based on the whole time series. In a flow duration curve (FDC) the empirical 

cumulative frequency of discharges is plotted against the percentage of time that the discharge is 

equalled or exceeded (Tallaksen & Van Lanen, 2004). The values are calculated separately per 

discharge location. 
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Table 1 Low flow characteristics for the discharge locations of the sub-basins. 

 
 

Lobith 
(Lower 
Rhine) 

Andernach 
(Middle 
Rhine) 

Cochem 
(Moselle)  

Frankfurt 
(Main) 

Rockenau 
(Neckar) 

Rekingen 
(East Alpine 
sub-basin) 

Untersiggenthal 
(West Alpine 
sub-basin) 

Area (sub-)basin 
(km2) 

160,087 139,913 27,262 24,833 12,616 16,051 17,678 

Derived from time series 

Mean Daily Flow 
(mm/day) 

1.20 1.26 1.00 0.66 0.94 2.38 2.74 

Coefficient of 
variation (SD/Mean) 
(%) 

52% 53% 107% 88% 98% 44% 45% 

Absolute Minimum 
Flow (mm/day) 

0.31 0.35 0.03 0.03 0.12 0.66 0.67 

Derived from flow duration curve 

Q50 (mm/day) 1.06 1.11 0.64 0.47 0.69 2.17 2.51 

Q75 (mm/day) 0.79 0.82 0.36 0.33 0.43 1.60 1.75 

Q95 (mm/day) 0.54 0.54 0.20 0.21 0.25 1.05 1.19 

Derived from time series with moving averages 

Minimum 7-day low 
flow (mm/day) 

0.34 0.35 0.05 0.06 0.16 0.67 0.75 

Minimum 30-day 
low flow (mm/day) 

0.35 0.36 0.08 0.09 0.18 0.76 0.80 

 

Lobith and Andernach have very similar values, as can also be seen before in the discharge regime 

throughout the year (Figure 3). Lobith has lower values, because the basins of the Ruhr, Lippe, Sieg 

and Erft add to the area but not much to the discharge. The low flow characteristics of the three 

tributaries Moselle, Main and Neckar have smaller values than those of the Alpine locations. The 

Moselle has on average the highest low flow discharge of the tributaries, and has a large variation in 

discharge. The flow in these tributaries can reduce to only several cubic meters per second and it can 

stay very low for at least 30 days. The Alpine areas have a more steady contribution to the discharge, 

with a lower coefficient of variation.  

Anthropogenic factors play a significant role in the discharge of the Rhine. Humans always have had a 

preference to be close to rivers because of their water supply. Anthropogenic impacts in the 

catchments can affect the flows in both direct and indirect ways. Building a reservoir has a direct effect 

on the discharge. Especially in the Alps there are a lot of reservoirs built; they have a total storage 

capacity of 1.9 billion m3 (about 56 mm) (Belz, 2007). The reservoirs, embankments and channelization 

in the Alps are mainly built for flood protection and hydropower. When the reservoirs were built, it 

gave problems to the navigation downstream from Basel. Engineers have put effort into designing a 

system of dams, wing dams and locks to make the Rhine navigable (Cioc, 2002).  

The distances between the discharge locations, the course of the river and the anthropogenic 

measures determine together the travel time of the water from the discharge locations of the sub-

basins to Lobith. In Table 2 these travel times in days can be found. These are average travel times, 

determined during low flow periods.  
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Table 2 Travel times in days from discharge locations to Lobith during low flow periods 

 Travel time to Lobith 
[days]
  

Andernach 2 

Cochem 3 

Frankfurt 3 

Rockenau 4 

Rekingen 6 

Untersiggenthal 6 

 

2.2. GRADE 
The project GRADE (Generator of Rainfall and Discharge Extremes in the Rhine and Meuse Basins) is 

initiated to develop an alternative to the common practice for determining design discharges for long 

return periods by extrapolating the measured time series of (yearly) maxima. It consists of three parts: 

a stochastic weather generator, a conceptual hydrological model and a hydraulic model. The inputs 

are the historical time series of daily precipitation and temperature per sub-catchment and the output 

is the discharge at Borgharen (Meuse) and Lobith (Rhine). In Figure 4 this is schematically shown. In 

this section all the different parts of GRADE are presented as a background of the origin of the model.  

 

Figure 4 Components of GRADE (Hegnauer et al., 2014) 
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Weather Generator 

The weather generator has been developed by KNMI and generates synthetic time series of daily 

precipitation and temperature distributed over the basin (using 134 sub-basins) by resampling 

historical data. The resampling takes place with the nearest-neighbour method. For the Rhine the 

nearest neighbours are selected as follows (Hegnauer et al., 2014): 

The starting day is day n with a certain date. Within a window of 61 days around this date there is 

searched for 10 nearest neighbours (in terms of a weighted Euclidean distance) on the variables:  

- Standardized daily temperature, averaged over 134 sub-basins,  

- Standardized daily precipitation, averaged over 134 sub-basins, 

- The fraction of sub-basins with daily rainfall > 0.3 mm. 

Temperature is standardized by subtracting the calendar-day mean and dividing by the calendar-day 

standard deviation. Precipitation is standardized by dividing by the mean wet-day precipitation 

amount for that calendar day (with a threshold for wet days of 0.3 mm). Randomly one out of the ten 

days is selected (a decreasing kernel is used to give more weight to closest neighbours) and then the 

historical succeeding day is added to the series as day n+1 (Schmeits et al., 2014). A schematic 

representation of this (with two variables and only 5 nearest neighbours is given in Figure 5.  

 

Figure 5 Schematic representation of the nearest-neighbour method, here with two variables. One of the k=5 states (green) 
which are closest to that of the last sampled day (red) is selected at random (blue arrow), using a decreasing kernel. Its 
historical successor (red arrow) provides the values for the new simulated day. (Leander & Buishand, 2004) 

Hydrological model 
For the Rhine basin upstream from Lobith the HBV-96 model is used to convert the precipitation and 

temperature data into discharges. The model (originally developed at the Swedish Meteorological and 

Hydrological Institute (SMHI) for runoff simulation and hydrological forecasting) consists of the 

following routines (Lindstrom et al., 1997), see also Figure 6: 

- Precipitation and snow;  

- Soil moisture and evapotranspiration; 

- Runoff response; for the lower zone (base flow) and the upper zone 

- Routing; by a simple version of the Muskingum method.  
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Figure 6 Schematic presentation of the HBV model for one sub-catchment (Hegnauer et al. (2014) after Lindstrom et al. 
(1997)).  

From 1997 on the HBV model is applied in the Rhine basin. With the implementation of HBV in the 

forecasting system FEWS in 2005, the HBV model of the Rhine was updated and recalibrated. New 

meteorological data (the data available for forecasting) was used and the objective function (consisting 

of a weighting of the Nash Sutcliffe efficiency, the Nash Sutcliffe efficiency of logarithmically 

transformed flows and the Relative Volume Error) focussed on both high and low flows to make also 

low flow forecasting operational (Berglöv et al., 2009). 

The HBV model used in GRADE is an adapted version of the version used in FEWS. For the purpose of 

GRADE four large lakes in Switzerland are added as sub-basins: Lake Constance, Lake Neuchâtel, Lake 

Lucerne and Lake Zürich (Hegnauer et al., 2014). Therefore the Rhine is now modelled in 148 sub-

basins. The model is calibrated with (a slightly adapted version of) the Generalized Likelihood 

Uncertainty Estimation (GLUE) method and focus on high flow measures. During the calibration there 

is not one best set of parameters per sub-basin chosen, but all sets of parameters with a performance 

above a certain threshold are considered as good and equally likely: the “behavioural sets”. When 

moving to downstream basins to calibrate, a behavioural set for the more upstream basins is randomly 

selected next to a random parameter set for the downstream basin. In this way the uncertainty of the 

parameter sets is taken along downstream. When the whole basin is calibrated in this way, the 

different combinations of behavioural sets can be tested on, for example, the 1/10 year event. The 

range of values that is derived here, gives an range of uncertainty. Within GRADE the combinations 

with 5%, 25%, 50%, 75% and 95% value of the 1/10 year event are presented for fifteen mayor sub-

basins of the Rhine (Hegnauer et al., 2014).  
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Hydraulic model 

The hydraulic model in GRADE simulates the discharge wave more accurately for the stretch between 

Maxau and Pannerdensche Kop. Two models are available: One model with simulation of flooding and 

one model without simulation of flooding (Hegnauer & Becker, 2013). Retention areas and dike-

overtopping are interesting aspects to study for floods. The lower sections of the tributaries Neckar, 

Main, Nahe, Lahn, Mosel, Sieg, Ruhr and Lippe are also modelled including structures with operation 

rules. Other tributaries are modelled as lateral inflows (Hegnauer & Becker, 2013). Dike overtopping 

and discharge waves in the time scale of days are not relevant for low flows. The structures with 

operation rules could be objects of interest, because they can be used during low flows to retain the 

water, but are not within the scope of this study.  

Post processing 

The extreme high discharges from the hydraulic model are post-processed. The annual maximum 

discharges are selected and ranked in increasing order, to determine the return periods. For return 

periods larger than 500 years the Weissman fit is used to reduce the effect of random fluctuations in 

the upper tail of the distribution and to extrapolate the series to return periods of 100,000 years 

(Hegnauer et al., 2014). Also the post-processing is not within the scope of this study on low flows. 
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2.3. Data 
The data used for this study has different sources. The observed river discharges are from the data set 

of the Global Runoff Data Centre  (2010) and the Federal Office for Environment (BAFU) in Switzerland. 

The observed lake levels, the snow covers and the groundwater levels are retrieved from information 

of respectively the BAFU, the Institute for Snow and Avalanche Research SLF and research of Demirel 

et al. (2013b). The observed meteorology is from the HYRAS 2.0 dataset (Deutscher Wetterdienst 

(Rauthe et al., 2013)), this is the same dataset as is used by the weather generator. Historical simulated 

output is simulated with the observed meteorology and the HBV with 50%-parameter set (GRADE 

reference). The GRADE 4,000 year synthetic simulations are created with the synthetic input of the 

weather generator and the HBV model with 50%-parameter set. Longer runs of GRADE are available 

for the discharge, but for this first analysis of low flows the first 4,000 years are adequate for the 

analyses. The data used for the precipitation and temperature analysis of the weather generator are 

the 2,000 year time series, the first half of what is used for generating the GRADE output. The metadata 

of the time series is presented in Table 3.  

Table 3 Metadata, all the time series have daily time steps  (Q= Discharge, P = Precipitation, T=Temperature). 

 Variable Location Sub-basin Start date End date Source 

O
b

se
rv

at
io

n
 

Q Lobith Lower Rhine 1-1-1901 31-12-2004 GRDC  

Q Andernach Middle Rhine 1-1-1931 31-12-2003 GRDC  

Q Cochem Moselle 1-1-1901 31-12-2003 GRDC  

Q Frankfurt- 
Osthafen 

Main 1-1-1964 31-12-2004 GRDC  

Q Rockenau Neckar 1-1-1951 31-12-2003 GRDC  

Q Rekingen East Alpine 1-1-1920 31-12-2003 GRDC  

Q Untersiggenthal West Alpine 1-1-1935 31-12-2003 GRDC  

Q Domat/Ems  1-1-1978 31-12-2008 BAFU 

Q Diepoldsau  1-1-1978 31-12-2008 BAFU 

Q Neuhausen -
Flurlingerbrücke 

 1-1-1978 31-12-2008 BAFU 

Lake level 4 lakes    BAFU 

Snow cover Alpine basins  19-6-2002 3-10-2011 SLF 

Groundwater 7 sub-basins    Demirel et al. (2013b) 

P, T 134 sub-basins  1-1-1961 31-12-2007 HYRAS 2.0 

       

H
is

to
ri

ca
l 

si
m

u
la

ti
o

n
 Q 7 discharge 

 locations 
 3-1-1951 31-12-2006 GRADE reference 

Lake levels 4 lakes  3-1-1951 31-12-2006 GRADE reference 

Snow cover,  
ground water 

148 sub-basins  3-1-1951 31-12-2006 GRADE reference 

       

Sy
n

th
et

ic
 

si
m

u
la

ti
o

n
 

Q 7 discharge 
 locations 

   GRADE 4,000 y 

Lake levels 4 lakes    GRADE 4,000 y 

Snow cover,  
ground water 

148 sub-basins    GRADE 4,000 y 

P,T, 134 sub-basins    Weather generator 
2,000 y 
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3. Methodology 
In this section the steps towards the objective of the study are explained in more detail. The first step 

is to select a valid definition of low flows, that gives useful information when it is used in the context 

of GRADE in the Netherlands (Section 3.1). The second step is to see how well the models simulate the 

low flow characteristics that follow from the low flow definition, so in section 3.2 several methods are 

explained to compare and value the historical and synthetic time series (related to research questions 

1, 2 and 3). The third step is to improve GRADE for low flow simulations (related to research question 

4), consisting of a recalibration of the HBV model, and check the skill of the recalibrated model after 

the improvement in the same way as in the second step. The methodology of the improvement is 

covered in section 3.3.   

3.1. Definition of low flows  

3.1.1. Low flows in the Rhine 
In section 2 a general introduction is given on the low flow conditions of the Rhine and its sub-basins. 

However, these characteristics do not incorporate the relation between water demand and low flows. 

As is described in the book of Tallaksen and Van Lanen (2004) and in the study of Jörg-Hess et al. (2015), 

the threshold level method (introduced by Yevjevich (1967)) can be used to derive low flow events. An 

event is characterised by the duration and the severity (total deficit) as in Figure 7. The day that the 

discharge falls below the threshold is the start of a low flow event, and when it rises above the 

threshold again the event ends. This is an appropriate way to look at situations when low flow is 

causing damage to the society similar to what Sung and Chung (2014) did in their study. Threshold 

values have to be chosen which refer to a level when problems occur due to low flow. In the 

Netherlands these thresholds for the discharge at Lobith are defined by the National Committee of 

Water allocation (LCW) (see Table 4). When the discharge is below the threshold and it is expected to 

stay low for at least three days the committee determines which measures are needed to mitigate the 

damage (RIZA et al., 2005). 

 

Figure 7 Low flow definition using a threshold to calculate duration and severity of the low flow event (Jörg-Hess et al., 
2015). 

Table 4 LCW thresholds for low flows in the Rhine at Lobith (RIZA et al., 2005). 

Month Low flow threshold 
Discharge at Lobith (m3/s) 

May 1400 

June 1300 

July 1200 

August 1100 

September- April  1000 
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The LCW thresholds are higher in the growing season (May-August) than in the rest of the year. In the 

growing season low flow can cause shortages in irrigation of crops, while in the rest of the year this is 

not the case and low flow mainly affects navigation, industries and dike stability and increases salt 

water intrusion. To separate these two aspects, the LWC thresholds are evaluated on different 

thresholds. For the growing season only the months May-August are evaluated and the LCW thresholds 

of these months are used. For navigation a threshold of 1000 m3/s is used all year round. 

The LCW thresholds are only appropriate for Lobith. To be able to indicate low flow events at the 

discharge stations of the sub-basins a conversion of the LCW thresholds is made. First the threshold 

discharges at Lobith are converted per month into exceedance percentages of discharges in that 

month, using the flow duration curve (explained in section 2.1). Then also per month a flow duration 

curve is made for the other discharge locations and the discharge corresponding with the exceedance 

percentage of the LCW threshold is selected. This results in the thresholds presented in Table 5, and 

graphically in Figure 8. The terms ‘growing season threshold’ and ‘navigation threshold’ refer to the 

LCW thresholds at Lobith. It does not mean that these values necessarily correspond with navigation 

or agriculture in the sub-basins itself.  

Table 5 Threshold values for low flows. Thresholds at Lobith with corresponding exceedance percentages and threshold 
values at other discharge locations.  

  
Navigation thresholds [m3/s] 

      Lobith Andernach Cochem Frankfurt Rockenau Rekingen Untersiggenthal 

Jan 1000 Q96 799 118 63 40 159 215 

Feb 1000 Q97 823 124 83 44 153 220 

Mar 1000 Q98 969 128 73 59 149 218 

Apr 1000 Q99 986 79 75 47 200 286 

May 1000 Q99 966 65 58 44 243 348 

Jun 1000 Q99 903 46 25 34 327 376 

Jul 1000 Q98 863 45 28 33 304 360 

Aug 1000 Q96 855 45 36 31 297 359 

Sep 1000 Q91 867 52 52 35 286 300 

Oct 1000 Q87 858 69 63 37 248 260 

Nov 1000 Q87 868 83 72 40 217 249 

Dec 1000 Q93 843 108 77 42 180 228 

Growing season thresholds [m3/s] 

May 1400 Q89 1270 104 86 62 350 472 

Jun 1300 Q97 1170 65 57 45 389 465 

Jul 1200 Q96 1070 54 48 38 360 422 

Aug 1100 Q92 966 52 46 34 323 400 
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Figure 8 Converted thresholds for all discharge locations. On the left the navigation thresholds, on the right the growing 
season thresholds. 

The thresholds define whether there is a low flow event. These low flow periods are pooled together 

when there are only small exceedances of the threshold within a period of low flow. The pooled events 

give more valuable information to the users: With a few days of higher discharges the ships (depending 

on the duration of their trip and the planning) may not be fully loaded again yet and the benefit that 

agriculture has with only a small period discharges above the low flow threshold is marginal. Therefore 

low flow events are pooled when the inter-event time is smaller than a week, as also used by Zelenhasic 

and Salvai (1987) and Woo and Tarhule (1994). The duration of the pooled event is the total duration 

from the start of the first event until the end of the last event. The pooled severity is the sum of the 

severities of the pooled events.  

The inter-event volume is not taken into account; events are pooled based on only the inter-event time 

and when events are pooled only the volumes under the threshold are added up to the severity. In this 

way pooled events are longer events with a small severity. The longer duration represents the time 

that the discharge varies around the low flow threshold. The severity stays the cumulative discharge 

deficit under the threshold. When the inter-event volume would be taken as a criterion, there would 

be more events, but less events with a hit in the simulations. Therefore is chosen to only base the 

pooling on the inter-event time.  
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3.2. Evaluation of GRADE for low flows 
Based on the previous explained definition of low flows, performance criteria and graphical tests are 

set up to compare the simulations with the observations. A distinction has been made between 

observed series/events, historical simulated series/events (based on historic input) and synthetic 

simulated series/events (based on the weather generator input). Comparing the observations with the 

historical simulations gives the skill of the HBV model, comparing the historical simulations with 

synthetic simulations gives the skill of the weather generator and comparing the observations with the 

synthetic simulations gives the skill of the combination of weather generator and hydrological model.  

The historical simulations can be evaluated as time series because they cover the same period as the 

observations. But they will also be evaluated on statistics. The synthetic simulations can only be 

compared with the observations based on statistics; the weather input is different so the exact timing 

cannot be compared. The evaluation is done on different variables (discharge, snow cover, lake level, 

groundwater, precipitation and temperature) and on different locations (entire basin/Lobith, sub-

basins/discharge locations, lakes).  

3.2.1. Discharges 

To correctly model the low flows the discharge value of low flows itself should agree, but also the 

persistence in this low value. For a first look in the skill of the models the discharges for the different 

discharge stations are compared with flow duration curves (see section 0). For low flows the lower end 

of the curve is of specific interest. In studies of Demirel et al. (2013a) and Görgen et al. (2010) on the 

Rhine, low flows were indicated as respectively Q75 and Q90. The low flow exceedances (indices) can 

be read from the FDC. Time series with a different length can also be compared.  

In the flow duration curve there is no information about subsequent days of high or low flow. To say 

something about persistence in the time series the autocorrelation is used. A method used by Wilks 

(2006) is to take the lag-1 autocorrelation as measure for persistence in weather. Discharges in the 

Rhine usually have large persistence, so this measure would result in all values being very close to one. 

Therefore the correlation coefficients of the lags are summed for the lags where the correlation is still 

significant. This correlation length is a measure of the shape of the correlogram. The correlation length 

is calculated for the different discharge stations and the different time series. The observed and 

simulated time series are evaluated for the same time period. The limit for when the autocorrelation 

is still significant is calculated with equation 1 (Anderson, 1976) for lag 𝑘. With 𝑁 is the length of the 

time series and 𝑟𝑖 is the autocorrelation on lag 𝑖.  

−1/𝑁 ± 1.96√
1

𝑁
∗ (1 + 2 ∗ ∑𝑟𝑖2) with 𝑖 = 1. . (𝑘 − 1) 

(1) 

This results in a general comparison of observed and simulated discharges and simulated and GRADE 

discharges. It gives information about bias (structural under- or overestimation) and persistence (serial 

correlation).  

3.2.2. Low flow events 
Low flow events are defined as in section 3.1. The LCW thresholds are used to derive events in all three 

time series. These events are compared on duration and severity. The moment of occurrence (timing) 

of historical simulated events is compared with the observed events. For events at Lobith also the 

contribution of sub-basins to the low flows can be summarized.  
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Matching low flow events 

For the evaluation of the performance of the HBV model on low flow events, the time series for the 

seven discharge locations for both observed and simulated are compared with the low flow threshold 

values and a list of observed events and a list of simulated events are made. With perfect 

correspondence all the observed events would be found in the simulations, no extra events are 

simulated and the duration and severity of the events are the same.  

To check this, first the events from the observations and the simulations have to be matched (both 

pooled). When the start or end date of an event is within a window of 11 days around the start or end 

date of an event in the other time series, the events are matched. Also small observed events that fall 

totally within the timespan of a large simulated event are matched. When multiple events fall within 

the criteria, only the one with the largest duration is matched. The others are considered without 

match and are thus misses or false alarms. The matched events are hits (when an event is simulated 

that also is observed), misses are events that are observed but not simulated and false alarms are 

events that are simulated but not observed. 

Now contingency tables can be made of the observed and simulated events. The hits, false alarms and 

the misses are the variables of interest and are used to show if the model is able to simulate the 

occurrence of events. The following indices can be calculated (Wilks, 2006): 

𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑆𝑐𝑜𝑟𝑒 𝐼𝑛𝑑𝑒𝑥 (𝐶𝑆𝐼) =  
ℎ𝑖𝑡𝑠

ℎ𝑖𝑡𝑠 + 𝑓𝑎𝑙𝑠𝑒 𝑎𝑙𝑎𝑟𝑚𝑠 + 𝑚𝑖𝑠𝑠𝑒𝑠
 

(2) 

 

𝐹𝑎𝑙𝑠𝑒 𝐴𝑙𝑎𝑟𝑚 𝑅𝑎𝑡𝑖𝑜 (𝐹𝐴𝑅) =  
𝑓𝑎𝑙𝑠𝑒 𝑎𝑙𝑎𝑟𝑚𝑠

# 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑒𝑣𝑒𝑛𝑡𝑠
=

𝑓𝑎𝑙𝑠𝑒 𝑎𝑙𝑎𝑟𝑚𝑠

ℎ𝑖𝑡𝑠 + 𝑓𝑎𝑙𝑠𝑒 𝑎𝑙𝑎𝑟𝑚𝑠
 

(3) 

 

𝐻𝑖𝑡 𝑅𝑎𝑡𝑒 =  
ℎ𝑖𝑡𝑠

# 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑒𝑣𝑒𝑛𝑡𝑠
= 

ℎ𝑖𝑡𝑠

ℎ𝑖𝑡𝑠 + 𝑚𝑖𝑠𝑠𝑒𝑠
 

(4) 

All three measures can vary between 0 and 1. A CSI of 1 means a perfect match. The more false alarms 

and misses there are, the lower the CSI gets. The false alarm ratio gives the number of false alarms 

over the number of simulated events. The optimal value is 0. The hit rate gives the number of hits over 

the number of observed events. The optimal value is 1.  

Next to the occurrence of events, the characteristics of events are of interest. Of the matched events 

(the hits) two measures are used to quantify the performance of simulation of duration and severity: 

the Mean Absolute Relative Error (MARE) and the coefficient of determination R2.  
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Mean Absolute Relative Error (Staudinger et al., 2011)1 

 

𝑀𝐴𝑅𝐸 =
1

𝑛
∑
|𝑂𝑖 − 𝑆𝑖|

𝑂𝑖

𝑛

𝑖=1

 

(5) 

Coefficient of determination (Krause et al., 2005) 

𝑅2 =

(

 
∑ (𝑂𝑖 − 𝑂�̅�)(𝑆𝑖 − 𝑆�̅�)
𝑛
𝑖=1

√∑ (𝑂𝑖 −𝑂�̅�)
2𝑛

𝑖=1 √∑ (𝑆𝑖 − 𝑆�̅�)
2𝑛

𝑖=1 )

 

2

 

(6) 

The MARE gives the absolute error of the simulates values over the observed value. It thus gives more 

weight to errors in small observed events than in large ones. This is a measure to quantify the error. 

To see if the error is due to a bias or is more random, the coefficient of determination is used. The 

coefficient of determination (also regarded as performance measure for discharges in Krause et al. 

(2005); Pushpalatha et al. (2012) and Crochemore et al. (2015)) indicates the linearity of the relation 

between observed and simulated. It gives a value between 0 and 1, where 1 is perfect linearity. 

Linearity does not mean perfect correspondence between observed and simulated properties, it can 

also indicate a bias.  

Measures for the timing bias are the difference in start day and the difference in end day of the 

historical simulated events in comparison with the observed events.  

Number of events 

Without looking at matches or hits, the average number of events per (calendar) year with the growing 

season thresholds and the navigation thresholds is used to compare the occurrence of events in the 

three time series. For the navigation threshold events are evaluated for the whole year, the winter half 

year (with a start in October to March) and the summer half year (events with a start in April to 

September). With the distinction between seasons, information is obtained for low flows originating 

from different processes.  

Return periods of low flow events 

By plotting the return periods of severities and durations, the performances of the hit events and the 

number of events N per year are combined in one analysis. From the three time series (observed, 

historical simulated and synthetic simulated) the low flow events are derived. The characteristics 

severity and duration are sorted and assigned a probability based on their rank r and the Gringorten 

formula (Shaw et al., 2010): 

𝑃(𝑋) =
𝑟 − 0.44

𝑁 + 0.12
 

(7) 

                                                             
1 𝑂 = observed value, 𝑆 = simulated value, �̅� = mean value, 𝑛 = length of series 
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𝑃𝑦𝑒𝑎𝑟(𝑋) = 𝑃(𝑋) ∗
𝑁

𝑡
 

(8) 

𝑇(𝑋) =
1

𝑃𝑦𝑒𝑎𝑟(𝑋)
 

(9) 

The return period T is calculated with the probability P and the average number of events per year 

(number of events N divided by length time period t). The return periods are plotted on logarithmic 

scale, to be able to examine them better visually.  

Contribution of sub-basins during low flow events 

It is good to place the results from the analyses above in perspective for the low flow events at Lobith 

by analysing which sub-basins contribute much to the low flow at Lobith and which do not. For 

evaluating the contribution of sub-basins the period of the low flow event at Lobith is taken, plus and 

minus six days (this is the average travel time from the Alps, flow can go both slower and faster). Travel 

times from the sub-basins to Lobith (see Table 2) are also taken into account. For every time frame the 

total amount of m3 of discharge is calculated, at Lobith and at the other discharge locations. The ratio 

of the total discharge of the discharge location and the total discharge at Lobith is the contribution of 

the basin. The contributions of the basins Moselle, Main, Neckar, East Alpine and West Alpine are 

making up a large part of the discharge at Lobith. The remaining amount of discharge is then from the 

Middle and Lower Rhine basin. The distance between Andernach and Lobith is too short and the 

variation in the travel time between the two locations is too large, to make a separation between the 

Middle Rhine and Lower Rhine, especially when considering the daily time step in the data.   

By comparing the relative contributions of the sub-basins in low flow events in the observed, historical 

simulated and synthetic simulated time series the performance of HBV and the weather generator can 

be tested again. In this way, it is evaluated whether the discharge during low flow events originates 

from the same basins as in the observations.  

3.2.3. Lakes 

The evaluation of lakes in this study focuses on the large lakes in Switzerland: Lake Constance, Lake 

Neuchâtel, Lake Lucerne and Lake Zurich. The lake levels from the HBV model compare well to the 

observations because they are derived from a volume/water level relation. Therefore the performance 

of lake levels from the simulations can be evaluated with the Nash-Sutcliffe Efficiency and the Mean 

Absolute Error (MAE). The MAE is used here, because the values itself can already be compared with 

the other lakes, so no relative error is needed. The MAE is evaluated for the entire year, and for the 

summer and winter half year.  
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Nash-Sutcliffe efficiency (Nash & Sutcliffe, 1970)  

𝑁𝑆𝐸 = 1 −
∑ (𝑂𝑖 − 𝑆𝑖)

2𝑛
𝑖=1

∑ (𝑂𝑖 −𝑂�̅�)2
𝑛
𝑖=1

 

(10) 

With perfect correspondence the Nash-Sutcliffe efficiency is 1. A high NSE is also retrieved when the 

error in the simulations are smaller than the variation in the observations. The simulations are 

compared to a benchmark model; the mean and the variability of the observations (Shaw et al., 2010).  

Mean Absolute Error (Crochemore et al., 2015) 

𝑀𝐴𝐸 =
1

𝑛
∑|𝑂𝑖 − 𝑆𝑖|

𝑛

𝑖=1

 

(11) 

Lake levels from observations, historical simulations and synthetic simulations are evaluated with the 

same method as the discharges. In this case level duration curves are made and the lower end is 

evaluated.  

3.2.4. Snow cover 

Observed snow cover data is available from stations on several locations in the East Alpine and West 

Alpine basins. To compare the snow station data with HBV output, only the data from basins where 

also a measurement station is, are taken into account. These basins are listed in Table 6 and shown in 

Figure 9. 

Table 6 HBV basin names with number of snow stations with available observation snow series.  

 HBV basin 
name 

Number of snow stations 
with observations 

 HBV basin name Number of snow stations 
with observations 

EA Thur 2 WA Limmat_Reuss 1 

EA Rhein1 9 WA KleineEmme 1 

EA Rhein2 3 WA Thunersee 7 

   WA Aare1 3 

   WA Sihlzuer 1 

   WA Lintwees 1 

   WA Lintmoll 2 

   WA Muotinge 2 

   WA Reusluze 1 

   WA Engebuoc 1 

   WA Reusseed 3 
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Figure 9 Snow stations in the Alps and HBV basins taken into account for snow (bold outlined). 

In HBV the snow cover is the snow water equivalent and to compare it with the measured snow cover 

in the observations there should be more information on the composition of the snow cover. This 

information is not available for all time steps, and therefore an index is used rather than the raw snow 

cover data. The snow cover index is an index for the entire East Alpine or West Alpine basin in which 

the snow cover data is standardised. Standardisation is done in the same way as Demirel et al. (2013b) 

did: From every station or HBV basin the mean and the standard deviation are determined. Every time 

step is standardised by subtracting the mean and dividing by the standard deviation. The average per 

time step of all the snow stations or the HBV basins within the East Alpine or West Alpine sub-basin is 

the snow cover index.  

The snow cover indices of observed and simulated time series are compared with a correlation test. 

The correlation is high when the timing of the snow cover is correctly simulated. To see the bias in 

timing also the mean number of days that the start, maximum and end of the snow cover are shown. 

The snow cover is considered to exist when the snow cover index is above a certain value. This value 

can be read from the snow index duration curve and is the number where the graph flattens out (to 

the value of zero snow or the cover in summer). This point is determined for the observations at the 

value that is exceeded 49% of the time and for the simulations 69% of the time (because of the 

difference in snow cover duration between observed and historical simulated snow cover). The 

hydrological year that is used for the snow cover runs from the 1st of August to the 31st of July. The 

correlation of the maximum cover per year shows how well the yearly variation in snow cover is 

captured by the model.  

Possible differences occurring due to the weather generator are detected by the duration curves made 

for the yearly maximum snow cover and the duration of the snow cover. Because both series are HBV 

output they are not standardized. The average over the basins is taken. Because of the snow 

accumulation over the years in some HBV sub-catchments the value for which the snow cover starts 

and ends is determined in a different way. The minimum value is calculated for every year, and the 

snow cover starts and ends when it has a level of 20 mm above this yearly minimum, so the first small 

snow covers are neglected.  
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3.2.5. Groundwater 

Groundwater is an important contribution to low flows (Smakhtin, 2001). Comparing groundwater 

levels from observations with a ground water related variable in HBV (the volume of the Lower Zone) 

gives an indication of the skill of HBV to model groundwater processes.  

The observations of groundwater have been gathered in the study of Demirel et al. (2013b) from 

different sources and consisted of point information with different data lengths and temporal 

resolutions. The groundwater stations with observations are not evenly distributed over the Rhine 

basin. By standardization (subtracting the mean and dividing by the standard deviation per station), 

interpolation and averaging over the sub-basins a series of daily groundwater indices per basin has 

been derived (see Demirel et al. (2013b) for the complete pre-processing method). For the West Alpine 

the length of the time series is too short to compare with simulated results. Historical groundwater 

simulations are standardized in the same way as the snow data.  

Correlation coefficients are used to compare groundwater indices from observations and simulations 

and also to see the relation of observed groundwater index and discharge and the relation of simulated 

groundwater index and discharge. This gives an indication whether the groundwater processes that 

are observed are also simulated.  

Again duration curves are used to look at the influence of the weather generator. Here the 

groundwater content in mm (lower zone variable) is used.  

3.2.6. Meteorology 

The influence of the weather generator is evaluated through the output of the HBV model, but the 

input data itself (synthetic series of precipitation and temperature) is also evaluated and compared 

with the observed meteorological series. 

Precipitation and temperature values are available per HBV sub-catchment and are averaged per day 

over the seven sub-basins and over the entire Rhine basin. In the previous studies on the weather 

generator principally the average precipitation of the entire basin is taken into account (Schmeits et 

al., 2014). The characteristics that are studied within the context of low flows are the annual 30 days 

minimum sum and the annual 120 days minimum sum of precipitation. This is done for the entire year 

(January –December), the summer half year (April – September) and the winter half year (October – 

March). With the calculations of the 30 and 120 days sum, the 30 or 120 days before the start of the 

year and seasons are also taken into account to calculate the sum of the past 120 days from the start 

day on. The annual values are sorted and with the Gringorten formula (see section 3.2.2) the 

probability and the return period are determined. 

For temperature especially the days with frost in the Alpine basins are of interest, because of the 

snowfall. An average temperature will not exactly capture this characteristic. Therefore the 

temperature is evaluated with the number of days per year with days below zero degree Celsius. The 

same hydrological year as in the snow evaluation is chosen: from the 1st of August to the 31st of July. 
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3.3. Recalibration  
To improve part of the model (research question 4) and indicate how recalibration could improve the 

skill for low flows part of the HBV model is recalibrated. This section gives the methodology of the 

recalibration. In section 3.3.1 the sensitivity analysis is explained. In section 3.3.2 the calibration 

procedure is can be found and section 3.3.3 covers the validation. In this section only the methods are 

explained, the specific information about the set-up of the recalibration can be found in section 5.2. 

3.3.1. Sensitivity analysis 

In previous studies of HBV models in the Rhine several calibration parameters were used, listed in 

Table 7. From these parameters several are selected to perform a sensitivity analysis on: Threshold 

temperature (Tt), melting factor (cfmax), snowfall correction factor (Sfcf), maximum soil moisture 

storage (fc), limit for potential evapotranspiration (lp), soil parameter (beta), high flow recession 

parameter at high flow HQ (khq), recession coefficient lower reservoir (k1) and the percolation (perc). 

These are the parameters for the snow melt and accumulation, soil moisture and hydrograph shape 

and are mentioned in the manual of HBV to use in the calibration of the model (SMHI, 2008).  

Table 7 Calibration parameters for different studies of HBV models in the Rhine.  

Parameter   Te Linde 
et al. 
(2008) 
 

Demirel 
et al. 
(2013a) 

Hegnauer 
et al. 
(2014) 

Berglöv 
et al. 
(2009) 

Davids et 
al. (2015) 

Focus on   General Low flow Floods General Low flow 

RFCF Rainfall correction factor -    X  

SFCF Snowfall correction factor -    X  

cfmax Degree day factor melt Mm/day/°C   X X  

Tt Temperature limit for 
snow/rain 

°C   X X X 

khq Recession parameter at 
high flow level hq 

1/day X  X X X 

K1 Recession coefficient lower 
reservoir 

1/day  X  X  

perc Percolation from upper to 
lower reservoir 

Mm/day  X X X X 

beta Soil parameter, controls 
contribution to the 
response function 

-  X X X X 

maxbas Time base of the triangular 
distribution of the 
transformation function 

day    X  

fc Maximum soil moisture 
content 

mm X X X  X 

Alfa Measure of non-linearity -  X X   

lp Limit for potential 
evapotranspiration 
(fraction) 

-  X X  X 

Cflux Maximum capillary flow  Mm/day  X   X 

Kf Recession coefficient for 
quick flow  
reservoir 

1/day  X    

 

First a sensitivity analysis is performed to see which parameters have the most influence on the 

discharges. This is done by a univariate sensitivity analysis where the parameters were changed from 

the current value to lower and higher values (10% and 20%) separately and the effect on the 

performance measure were evaluated. The parameters with the largest influence on the performance 
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are chosen to incorporate in the recalibration, all the other parameters (also the ones not incorporated 

in the sensitivity analysis) are fixed on the value used in the current configuration of HBV in GRADE.  

3.3.2. Calibration procedure 

The HBV-catchments are calibrated one by one, so there are more discharge locations needed with 

time series observed and simulated discharge. The available time series is divided in two, to have a 

time series for the calibration and the other for validation. The calibration period is from 1-1-1978 to 

31-12-1991. Recalibration is done with a Monte Carlo simulation. The HBV model is run with different 

parameter sets, five thousand for each individual basin. The sets are varied by selecting random values 

of the parameters from a uniform distribution between a minimum and a maximum value of the 

parameter. This setup is the same as used by (Hegnauer et al., 2014) for the calibration of HBV in 

GRADE.  

In the analysis of the current model a lot of performance measures are used for the discharges, lake 

levels, snow covers and groundwater levels (see section 3.2). In the recalibration there are a many runs 

and discharges are evaluated at other discharge locations than in the previous analysis. During the 

recalibration more simple ways of calculating performance of the simulated discharge that HBV 

calculated based on the selected set of parameters compared with a time series of observed discharges 

are used: the Nash Sutcliffe Efficiency (NSE), the Nash Sutcliffe Efficiency for inverse flows, the Relative 

Volume Error (RVE) and the Relative Volume Error in Spring (March – July) are all used to indicate 

performance for each parameter set. The NSE, the NSE on inverse flows and the RVE are criteria that 

are also used in other calibrations of the Rhine (Berglöv et al., 2009; Davids et al., 2015; Demirel et al., 

2013a; Hegnauer et al., 2014; Te Linde et al., 2008). The NSE is already explained in section 3.2.3. The 

NSE on inverse flows (NSEi) does not show sensitivity to high-flow values and focusses on the lowest 

20% (Pushpalatha et al., 2012). The RVE is comparable with the Mean Absolute Error (section 3.2.3) as 

it addresses the difference between simulated and observed discharges. The Relative Volume Error 

normalizes the error by dividing it by the observed discharges. It averages the error over the whole 

time series, but is favourable because of the high fluctuation in the observed discharges at the Alpine 

locations (short peaks of over- and underestimation are levelled out). The NSE has a tendency to 

emphasize the high flows and therefore is less relevant to this study. It is incorporated in the analysis 

to check the high flow performance and compare with other calibration studies of the Rhine.  

Relative Volume Error (Booij, 2005) 

𝑅𝑉𝐸 =
∑ (𝑆𝑖 −𝑂𝑖)
𝑛
𝑖=1

∑ 𝑂𝑖
𝑛
𝑖=1

 

(12) 

Nash-Sutcliffe efficiency on inverse flows (Pushpalatha et al., 2012) 

𝑁𝑆𝐸𝑖 = 1 −
∑ (

1
𝑂𝑖
−
1
𝑆𝑖
)
2

𝑛
𝑖=1
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1
𝑂𝑖
−
1
𝑂𝑖

̅
)
2

𝑛
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All four performance measures are calculated for the five thousand runs. From all these runs the sets 

with the best performance are selected as behavioural sets (see also section 2.2). The best 

performance is determined with a bounded Pareto front. The Pareto front are the sets with values for 

the performance criteria that have such “optimal” set that none of the performance criteria can be 

improved without decreasing at least one of the other performance criteria (explained and also used 

in multi-objective optimization of a hydrological model by Guo et al. (2014)). Because in the Pareto 

front also very low values of (one of) the measures can occur, threshold values are used to bound the 

Pareto optimal functions. The NSE is only used to calculate the Pareto front, but not for bounding the 

values. Boundaries will be chosen such that there are at least 10 behavioural sets. An illustrative 

explanation of the bounded Pareto front is shown in Figure 10. 

 

Figure 10 Illustration of the bounded Pareto front of two indicators. Here is 1 the optimal performance and 0 the worst 
performance. The acceptable levels of performance are indicated by lines. The black dots are the points on the bounded 
Pareto front. 

When moving to a downstream basin, every run a behavioural set of parameters for the upstream 

basin is selected next to the random set of parameters. When reaching the outflow location of the 

larger sub-basin, the same analysis for low flow events as section 3.2.2 in is performed. The choice for 

an optimal parameter set is based on the 1 in 10 year event under the growing season threshold. From 

this analysis also the 5%, 50% and 95% values are evaluated as they represent the uncertainty. 

3.3.3. Validation 

The optimal parameter combination, as explained in section 3.3.2, is taken to validate flows on the 

validation time period of 1-1-1992 to 31-12-2003. The analysis for low flow events as presented in 

section 3.2 are performed to validate the time series and to compare with the original simulation. An 

interesting point of the validation from user perspective is whether the recalibrated model still 

performs well for floods. Therefore the yearly maximum values of discharge from the observations and 

the simulations are plotted against the probabilities expressed in standard Gumbel variates. The 

probabilities are calculated with equation 7. 
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4. Results skill of low flow 
In this chapter the results of the evaluation of the HBV model and the weather generator from GRADE 

for low flows are presented. These analyses provide the answers to research questions 1,2 and 3. This 

chapter consists of two parts: first the results are shown per subject (section 4.1 till 4.6) and after that 

the interpretations of the results per sub-basin are discussed (section 4.7) which gives an overview of 

skill of HBV and the weather generator.  

4.1. Discharges 
In Figure 11 the flow duration curves for the discharges at the outlet stations of the sub-basins are 

presented. At Lobith, Andernach and Cochem simulations of Q50-Q100 give lower discharges than the 

observations, meaning general underestimation of the discharge by the simulations. At Frankfurt-

Osthafen the simulations of Q65-Q100 are lower than the observations, the Q50-Q65 discharges are 

higher than the observations, so also here there is underestimation of the lowest discharges. In the 

Neckar differences are small, so there is no structural underestimation. At Rekingen the simulations 

are underestimating the observed discharge in the entire range of Q50-Q100. In the West Alpine sub-

basin at Untersiggenthal there is both over- and underestimation: the Q90-Q100 discharges are 

overestimated in the simulations, and the Q50-Q85 flows are underestimated.  

Differences in discharges in the FDC caused by the weather generator are only seen at Lobith, 

Andernach and Cochem in the Q65-Q100 where it gives higher discharges than the simulations (but 

lower than the observations). In the other basins differences between the historical simulation and the 

synthetic simulation in the flow duration curve are very small. 

  



32 
 

(a) (b) 

(c) (d) 

(e) 
 

(f) 

(g) 

 

Figure 11 The lower end of the flow duration curves of the discharges for the seven sub-basins: a) Lobith (Lower Rhine), b) 
Andernach (Middle Rhine), c) Cochem (Moselle), d) Frankfurt-Osthafen (Main), e) Rockenau (Neckar), f) Rekingen (East 
Alpine) and g) Untersiggenthal (West Alpine). 
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From evaluating the autocorrelation length there are three interesting differences that can be seen in 

Table 8. At Frankfurt-Osthafen there is a larger autocorrelation length in the simulations than in the 

observations. So the discharges are more persistent in the simulations than in the observations. At the 

Alpine discharge locations there is the opposite effect: there is a large correlation length in the 

observations, because the resulting discharge is damped by lakes and originating from slowly and 

continually melting snow, and this is lower in the simulations.   

The difference between the synthetic and historical simulations is small, but in the weather generator 

the autocorrelation length is slightly lower. This means that there are no large errors in the persistence 

of the discharge in the synthetic simulations caused by the weather generator, but that there is a little 

less persistence in the weather generator than in the observed weather.   

Table 8 Correlation length (in days) for the discharge locations..  

 Observation Historical 
simulation 

Synthetic 
simulation 

Lobith 32 30 29 

Andernach 31 29 28 

Cochem 26 25 25 

Frankfurt- Osthafen 30 37 38 

Rockenau 20 18 18 

Rekingen 45 33 32 

Untersiggenthal 35 28 27 
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4.2. Low flow events 
Matching low flow events 

The observed and simulated events are matched with each other and the results from the contingency 

tables of the evaluated periods are shown in Table 9 and Table 10. The overall performance, indicated 

by the critical score index (CSI), is the highest for Lobith, Andernach and Rockenau and the lowest for 

the Alpine discharge locations.   

The hit rate at Lobith for the navigation threshold events is high, there are only a few misses. Ninety 

percent of the observed events are also simulated. The False Alarm Ratio (FAR) is considerable; 40% of 

the simulated events are false alarms. For the events with growing season threshold the hit rate is 

lower and the FAR higher. The CSI is therefore lower. At Cochem, Frankfurt and Rockenau the hit rates 

for both thresholds are around 50%. Also the FAR is around this value, except for Rockenau, that has 

a smaller percentage of false alarms. At the Alpine locations there are many false alarms, so more low 

flow events in the simulations. The hit rates are high for the growing season, so there are a large 

number of events in the summer period in the simulations. The low hit rates for the navigation 

thresholds then can be explained by misses of events in winter (especially at Untersiggenthal).  

Table 9 Results from the contingency table for events in time series with navigation thresholds.  

Navigation threshold Number of 
observed 
events 

Hits False  
alarms 

Misses 
CSI 

Hit  
rate 

False  
alarm 
 ratio 

Lobith 45 41 28 4 0.56 0.91 0.41 

Andernach 47 40 42 7 0.45 0.85 0.51 

Cochem 86 54 76 32 0.33 0.63 0.58 

Frankfurt-O. 55 31 33 24 0.35 0.56 0.52 

Rockenau 87 42 25 45 0.38 0.48 0.37 

Rekingen 40 23 48 17 0.26 0.58 0.68 

Untersiggenthal 77 20 64 57 0.14 0.26 0.76 

 

Table 10  Results from the contingency table for events in time series with growing season thresholds.  

Growing season 
threshold 

Number of 
observed 
events 

Hits False 
alarms 

Misses 
CSI Hit rate 

False 
alarm 
ratio 

Lobith 28 22 24 6 0.42 0.79 0.52 

Andernach 26 20 24 6 0.40 0.77 0.55 

Cochem 52 30 31 22 0.36 0.58 0.51 

Frankfurt-O. 21 9 7 12 0.32 0.43 0.44 

Rockenau 51 25 8 26 0.42 0.49 0.24 

Rekingen 30 24 52 6 0.29 0.80 0.68 

Untersiggenthal 46 33 86 13 0.25 0.72 0.72 

 

In Table 11 and Table 12 the performance indicators of the hit events are presented for respectively 

the events with the navigation thresholds and the events with the growing season thresholds. At Lobith 

the Mean absolute Errors (MARE’s) of the severity for both thresholds are higher than the MARE’s of 

the durations. That means that the error in the duration, relative to the durations, is smaller than the 

error found in the severities, relative to the severities. The coefficients of determination R2 for events 
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at Lobith under the navigation thresholds are high, meaning that there is a quite clear relation between 

the characteristics of observed events and simulated events. For events at Lobith under the growing 

season thresholds there is a smaller MARE, and also a smaller R2, pointing at a smaller error in the 

characteristics with less linearity in over- or underestimation. The timing bias in the events is that the 

events mainly start earlier and end later. This is in line with the overestimation of the durations.  

Remarkable results from the other discharge locations are the large increase in MARE under the 

growing season thresholds, from Lobith to Andernach, while these locations have almost the same 

discharge regime. The MARE and R2 at Frankfurt under the growing season threshold are very good, 

although the events seem to start on average very late in the simulations. This is only based on a small 

number of event hits. In Rekingen and Untersiggenthal there are very low R2 values, meaning there is 

no correlation in the errors, there are under- and overestimations. In most of the locations the 

simulated events start earlier and end later. Very large MARE’s can be found in the severities under 

the navigation threshold, at the locations Cochem, Frankfurt and Rockenau and in the severities under 

the growing season threshold at Rekingen. This is mainly due to hits of observed events with a very 

small severity with simulated events with a large severity. This can be quickly a factor 10 or higher in 

difference.  

Table 11 Performance indicators of hit events in time series with navigation thresholds.  

Navigation 
threshold 

Number of 
observed 
events 

hits Duration  Severity  Timing  

   MARE [-] 
 

R2 [-] MARE [-] R2 [-] Mean # 
days start 
date later 

Mean # 
days end 
date later 

Lobith 45 41 1.57 0.77 18.07 0.74 -6.15 3.17 

Andernach 47 40 2.46 0.42 24.58 0.61 -4.60 3.48 

Cochem 86 54 6.26 0.63 80.35 0.57 -10.41 8.83 

Frankfurt-O. 55 31 6.54 0.60 95.98 0.37 -10.06 10.61 

Rockenau 87 42 3.75 0.40 43.01 0.64 3.07 4.67 

Rekingen 40 23 2.14 0.024 12.82 0.0066 -5.09 -0.91 

Untersiggenthal 77 20 3.20 0.0060 7.81 0.098 -5.85 0.40 

 

Table 12 Performance indicators of hit events in time series with growing season thresholds.  

Growing Season  
threshold 

Number of 
observed 
events 

hits Duration  Severity  Timing  

   MARE [-] 
 

R2 [-] MARE [-] R2 [-] Mean # 
days start 
date later 

Mean # 
days end 
date later 

Lobith 28 22 0.95 0.53 6.85 0.67 -5.64 5.68 

Andernach 26 20 3.50 0.65 18.69 0.35 -6.15 9.35 

Cochem 52 30 6.05 0.29 21.03 0.48 -6.70 11.63 

Frankfurt-O. 21 9 0.48 0.85 1.16 0.39 11.22 0.89 

Rockenau 51 25 1.77 0.28 10.25 0.24 -0.12 1.16 

Rekingen 30 24 5.14 0.29 52.96 0.0077 -7.46 18.29 

Untersiggenthal 46 33 4.59 0.45 26.10 0.41 -9.79 9.21 
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Number of events  

In Table 13 the average number of events per year can be found. At Lobith in the observations there 

is on average once every two years an event in the growing season, and once every 1.5 year an event 

with the navigation thresholds. In Andernach there are slightly more events than at Lobith. Almost the 

same number of events per year in the different seasons as at Lobith is seen at Andernach. Cochem 

and Rockenau have similar numbers of events with more events than at all other locations. Also 

Frankfurt has more events than Lobith, but the numbers of events in the growing season are 

comparable. At Rekingen the number of events is also similar to the number at Lobith, while at 

Untersiggenthal the number of events is overall higher than at Lobith.  

Table 13 Average number of events per year in different time series for different thresholds and periods.  

Events per year  Navigation 
threshold 

Growing 
season 
threshold 

Navigation 
threshold 
summer  

Navigation 
threshold 
winter 

    April-
September 

October-
March 

Lobith Obs 0.85 0.53 0.26 0.58 

Sim historical 1.30 0.87 0.53 0.77 

Sim synthetic 1.24 0.78 0.42 0.82 

Andernach Obs 0.90 0.63 0.35 0.56 

Sim historical 1.58 1.08 0.69 0.88 

Sim synthetic 1.25 1.08 0.45 0.80 

Cochem Obs 1.72 1.04 0.70 1.02 

Sim historical 2.60 1.22 1.40 1.20 

Sim synthetic 2.23 1.16 1.05 1.19 

Frankfurt Obs 1.49 0.57 0.38 1.11 

Sim historical 1.73 0.43 0.59 1.14 

Sim synthetic 1.57 0.30 0.50 1.07 

Rockenau Obs 1.67 0.98 0.63 1.04 

Sim historical 1.29 0.63 0.48 0.81 

Sim synthetic 1.13 0.36 0.26 0.87 

Rekingen Obs 0.77 0.58 0.29 0.48 

Sim historical 1.37 1.46 1.08 0.29 

Sim synthetic 1.20 1.51 0.96 0.24 

Untersiggenthal Obs 1.48 0.88 0.58 0.90 

Sim historical 1.62 2.29 1.42 0.19 

Sim synthetic 1.68 2.55 1.45 0.23 

 

At Lobith, Andernach and Cochem, the historical simulations give more events than the observations. 

In the Main the historical simulations this is also the case, except for events under the growing season 

threshold. At Rockenau all the historical simulated events occur less often than the observed events. 

At the Alpine discharge locations the number of winter events are remarkable. With the other 

thresholds the number of events is larger in the historical simulations, but in the winter events this is 

lower. This means that there are less low flows in winter in the historical simulations, and more in the 

summer. The number of events in the growing season (and summer) is much larger. 
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The influence of the synthetic weather is in most cases a small decrease from the historical simulations 

in the number of events per year, which brings the number closer to the observed number. At Cochem 

the decrease of events in summer is quite substantial. At Untersiggenthal the influence of the weather 

generator is an increase in the number of events per year in all cases. 

Return periods of low flow events 

When looking at the event properties (Figure 12) there are several things to see. At Lobith and 

Andernach the severities of events are more overestimated by the historical simulations than the 

durations. The synthetic series has less severe and shorter events than the historical simulations. The 

synthetic series is closer to the observations.  

At Cochem also the historical simulations overestimate the event properties. In the synthetic 

simulations there is also overestimation, but slightly less than in the historical simulations. In the 

growing season events the difference is larger than in the navigation threshold events. At the influence 

of the weather generator is very strong in the synthetic simulations, and is causing underestimation of 

severity and duration compared to both the historical simulations as the observations. In the 

navigation threshold events at Frankfurt the synthetic and historical simulations lay closer together 

and the event properties are overestimated compared to the observations. For the Neckar there is a 

good representation of low flow severities and durations in both historical and synthetic simulations. 

At the Alpine discharge locations there is a large difference between performances of the simulations 

in both thresholds. With the navigation thresholds the performances are good, but in the growing 

season the historical simulations give large overestimations of severity and duration. The influence of 

the weather generator seems the same with both thresholds, and is rather small. At Rekingen and 

Untersiggenthal some synthetic simulated events reach the maximum duration of the growing season 

events, the duration of the growing season. These cause the horizontal lines in the graphs.   

 



38 
 

 Navigation threshold Growing season threshold 

 Severity Duration Severity Duration 

Lobith 

    
Andernach 

    
Cochem 

    
Frankfurt O. 

    
Rockenau 

    
Rekingen 

    
Untersiggen
-thal 

    

 

Figure 12 Return periods of event characteristics severity and duration. Blue=observations, red= simulations, black= synthetic simulations 
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Contributions of sub-basins during low flow events 

In Table 14 the characteristics of relative contributions of the discharge from the sub-basins during low 

flow events at Lobith are presented. Per event the contributions of sub-basins vary, but by looking at 

the average contributions, it can be seen that the West Alpine sub-basin has the largest contribution, 

and also the East Alpine sub-basin adds more water to the Rhine discharge than the other tributaries. 

The Alpine sub-basins have the least variation in the contributions. The contributions of the Main, 

Neckar and Moselle are rather low, but the Moselle has some higher contributions. The Lower and 

Middle Rhine contributions together are also a considerable part of the discharge in low flow events. 

For the growing season events the contribution from the Alps is larger, and the from the Moselle, 

Middle and Lower Rhine basins smaller.  

Table 14 Observed relative contributions of sub-basins to low flow events at Lobith, for two thresholds.  

 Navigation Growing season 

  Min Max Std/ 
mean 

Mean Min Max Std/ 
mean 

Mean 

Lower and Middle Rhine 0.10 0.35 29% 0.22 0.06 0.27 32% 0.15 

Moselle 0.03 0.20 38% 0.10 0.03 0.13 33% 0.08 

Main 0.03 0.11 27% 0.07 0.03 0.11 35% 0.07 

Neckar 0.03 0.07 22% 0.05 0.03 0.09 29% 0.05 

East Alpine sub-basin 0.16 0.35 20% 0.26 0.21 0.38 15% 0.29 

West Alpine sub-basin 0.20 0.44 22% 0.29 0.27 0.45 12% 0.37 

 

In Table 15 the average contributions are shown for different thresholds and also for the simulated 

time series. In general the picture is the same in the observations, the historical simulations and the 

synthetic simulations: the largest contributions come from the Alps, than the Lower and Middle Rhine 

and the contributions of the other tributaries are rather small. In the winter events the contribution 

from the Alps is lower and the contribution from the tributaries is larger than the summer and growing 

season events. The proportion of the contributions of the basins to low flow events seems to be 

represented well by both simulations. There are some differences between the historical simulations 

and the observations, mainly in the contributions of the Lower and Middle Rhine in summer. In the 

synthetic simulations these are even further off. In the Alpine areas the synthetic simulations make 

the contribution of the Alps go down, and the contribution of the Lower and Middle Rhine go up.  
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Table 15 Relative contributions of sub-basins to low flow events at Lobith, for different time series and thresholds.  

  Lower + Middle 
Rhine 

Moselle Main Neckar East 
Alpine  

West 
Alpine  

Navigation Obs 0.22 0.10 0.07 0.05 0.26 0.29 

Sim historical 0.24 0.08 0.06 0.05 0.26 0.31 

Sim synthetic 0.25 0.09 0.06 0.05 0.25 0.31 

Growing 
Season 

Obs 0.15 0.08 0.07 0.05 0.29 0.37 

Sim historical 0.23 0.06 0.07 0.05 0.25 0.33 

Sim synthetic 0.24 0.07 0.08 0.05 0.24 0.32 

Navigation 
Summer 

Obs 0.16 0.07 0.07 0.04 0.30 0.36 

Sim historical 0.22 0.05 0.06 0.05 0.27 0.35 

Sim synthetic 0.23 0.05 0.06 0.05 0.27 0.35 

Navigation 
Winter 

Obs 0.25 0.12 0.08 0.05 0.24 0.26 

Sim historical 0.26 0.10 0.06 0.05 0.24 0.29 

Sim synthetic 0.26 0.10 0.06 0.05 0.24 0.29 

 

4.3. Lakes 
The performance of historical lake level simulation is presented in Table 16 and measured by the Nash 

Sutcliffe Efficiency (NSE) and the Mean Absolute Error (MAE). Lake Neuchâtel and Lake Zurich are 

simulated best, illustrated by the highest NSE and the very small MAE. Lake Lucerne has a very low NSE 

so is simulated less well. The absolute errors in the simulations are the largest in Lake Constance. From 

the duration curves in Figure 13 the same conclusion can be drawn, and it is clear that the simulations 

are underestimating the lake levels at Lake Constance and Lake Lucerne. In summer months the errors 

there are larger than in winter months. When the lakes are more empty in summer in the simulations, 

there is less outflow. The influence of the weather generator on the lake levels is small when looking 

at the level duration curves of historical simulated and synthetic simulated.  

Table 16 Performance indicators of historical lake level simulations. 

Lake NSE MAE MAE summer 
(April-
September) 

MAE winter 

 [-] [m] [m] [m] 

1 Lake Constance 0.60 0.30 0.42 0.18 

2 Lake Neuchâtel 0.85 0.060 0.062 0.057 

3 Lake Lucerne -0.16 0.17 0.20 0.15 

4 Lake Zurich 0.79 0.039 0.039 0.038 
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1) 
 

2) 

3) 4) 
Figure 13 The level duration curves for the four Swiss lakes , 1=lake Constance, 2= lake Neuchâtel, 3= lake Lucerne, 4= lake 
Zurich. 
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4.4. Snow 
Plotting both observed and simulated snow cover indices shows that it gives quite a good 

representation (Figure 14). The same thing is seen in the correlation between the series and the 

correlation between the yearly maximum snow cover indices (Table 17). In the West Alpine the 

representation is better than in the East Alpine, although both correlations are high. The snow covers 

in the simulations tend to start later, end later, and in total lasts longer. Also the maximum is reached 

later. In the East Alpine the end of the snow cover (the melt) has a larger timing error than the start. 

In the West Alpine the average error in timing of the start and the end is almost the same. 

 

Figure 14 Snow cover index of observed and simulated series for the East Alpine basin. With a detail of the years 1992 and 
1993. 

Table 17 Performance indicators of snow cover simulation 

 Correlation time 
series 

Mean # days 
start day later  

Mean # days 
end day later 

Mean # days max 
snow cover later 

Correlation 
maximum cover 

East 
Alpine 

0.83 24 46 28 0.88 

West 
Alpine 

0.94 32 31 16 0.93 

 

In Figure 15 statistical properties of the snow covers in the series of the historical and synthetic 

simulations are shown with the unstandardized snow water contents in mm. There can be seen that 
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the influence of the weather generator is larger in the West Alpine than in the East Alpine. The yearly 

maximum snow cover is underestimated, and also the durations are smaller.  

In some of the HBV sub-catchments (Rhein2 in the East Alpine sub-basin and Reusseed and Lintmoll in 

the West Alpine sub-basin) the snow does not all melt so there is accumulation over the years. In the 

East Alpine this is on average 0.35 mm per year both in the historical simulations and in the synthetic 

simulations. In the West Alpine this is much more: 4.9 mm per year and 1.4 mm with the weather 

generator (5.6 m in 4000 years). The influence of the weather generator is thus that there is less snow 

accumulation over the years. The accumulation has probability to do with the snow parameters in the 

HBV model and the temperature on the elevations that is used in the model. Because the accumulation 

per year is very small, it is considered to have a very small effect on discharge simulations. 

 

East Alpine sub-basin West Alpine sub-basin 

  

  
Figure 15 Duration curves for the yearly maximum depth and the duration of the snow cover.  
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4.5. Groundwater 
The correlation between the groundwater index of observed groundwater levels and the index of 

simulated lower zone volumes gives an indication whether the simulated groundwater storage has the 

same pattern as the observed ground water levels. From the results (Table 18) appears that simulations 

are quite good, only in the East Alpine sub-basin the correlation between the two indices is low. It 

seems that the groundwater processes there are behaving less like the observations than in the other 

sub-basins.  

Table 18 Correlation coefficients for groundwater indices of observed and simulated series. For the West Alpine basin not 
enough data is available to carry on this analysis.  

 Correlation 
groundwater 
indices 

Correlation 
groundwater index with 
discharges observed 

Correlation 
groundwater index with 
discharges simulated 

Lower Rhine 0.86 0.70 0.51 

Middle Rhine 0.78 0.71 0.52 

Moselle 0.72 0.62 0.71 

Main 0.82 0.57 0.87 

Neckar 0.88 0.43 0.40 

East Alpine sub-basin 0.51 0.70 0.69 

 

A few remarks can be made on correlations of groundwater indices and discharge: in the Lower and 

Middle Rhine these correlations are higher in the observations than in the simulations, in the Main the 

correlation is higher in the simulation. The correlations in observation and simulation in the Neckar 

and East Alpine agree very well. In Figure 16 an example from observed and historical simulated 

groundwater index in the Main is shown.  

 

Figure 16 Observed and simulated groundwater indices from 1980 to 1992 in the Main. Correlation between these two 
series is high. 

As can be seen in Figure 17, the influence of the weather generator is not causing large differences in  

the groundwater contents. The duration curves are almost the same. In the Middle Rhine and East 
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Alpine the large values are somewhat underestimated, and in the Lower Rhine the lower values are a 

bit overestimated.   

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 

Figure 17 Duration curves for the ground water indices for the seven sub-basins : a) Lobith, b) Andernach, c) Moselle, d) 
Main, e) Neckar, f) East Alpine sub-basin and g) West Alpine sub-basin. 
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4.6. Meteorology 

4.6.1. Precipitation 
In Figure 18 the return periods are plotted for minimum annual cumulative precipitation sums for 

observed and weather generator precipitation, averaged over the whole Rhine basin. In the minima of 

30 day and 120 day sums, there is some overestimation of the weather generator, especially in the 

summer. This is also seen in the separate basins.  

In the separate basins the minima are overestimated in the Lower Rhine, Middle Rhine, Moselle and 

Main, especially in the summer. In the Neckar and the Alpine basins there is less overestimation of the 

lowest minima, only in summer some differences can be seen. Examples are shown in Figure 19, the 

rest of the graphs can be found in Appendix A.  
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Figure 18 Probability of occurrence of annual precipitation sums for winter, summer and the entire year, averaged over the 
Rhine basin. Blue dots are the observed values, the red line indicates the values from the weather generator. 
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West Alpine sub-basin 

Figure 19 Examples of probabilities of occurrences of annual precipitation sums for different periods and different basins . 
Blue dots are the observed values, the red line indicates the values from the weather generator. 

4.6.2. Temperature 

In Figure 20 the probabilities of occurrence for numbers of days with temperatures below zero degrees 

Celsius are given. On these days precipitation will fall as snow and the snow will not melt. For both 

Alpine basins appears that there are slightly less days with temperatures below zero in the weather 

generator, but the difference between the synthetic series and the observations is very small. 

 East Alpine sub-basin West Alpine sub-basin 

N
u

m
b

er
 o

f 
d

ay
s 

w
it

h
 T

 <
 0

 °
C

 

  
Figure 20 Probabilities of occurrence of annual number of days with temperatures below zero in the Alpine sub-basins. Blue 
dots are the observed values, the red line indicates the values from the weather generator. 
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4.7. Interpretation of results 
In this section the results from the evaluations in the sections 4.1 to 4.6 are combined into a resulting 

analysis per sub-basin for the hydrological model and for the weather generator. The results are 

discussed from upstream to downstream. At the end of this section the strengths and limitations of 

both parts are given. 

4.7.1. Hydrological model HBV 
East Alpine sub-basin 
At Rekingen the discharge of low flows is underestimated by the simulations, appearing from the flow 

duration curve (FDC) and the large number of false alarms in the events. The underestimation is larger 

in summer, resulting in a smaller number of missed events under the growing season thresholds (GS 

events) than under the navigation thresholds (N events), a large error in the return periods of GS events 

and a large mean absolute error (MAE) in summer in Lake Constance. Also the average contribution of 

the East Alpine sub-basin to low flow events in summer (GS and N) at Lobith is smaller in the 

simulations. There are both shorter and longer events, indicated by the low R2 values of the durations 

and severities of the matched events. The shorter events result from the larger number of N events, 

which do not result in large errors in the return periods, and the longer events indicated by the large 

overestimation of return periods in the GS events. The underestimation of discharge in summer, 

especially in the first months, can be caused by the longer period it takes to melt and the later start of 

the melting process as appears from the snow cover data. This difference in snow simulation can also 

explain the smaller autocorrelation length that is found in the simulated discharge series compared to 

the observations.  

West Alpine sub-basin 
For the West Alpine discharge location Untersiggenthal applies that there is both overestimation and 

underestimation; this is already seen in the FDC. Because of the reasonable number of hits but many 

false alarms in the GS events, there is underestimation of discharge in the summer. In the N events 

there are only few hits and also many false alarms. Because the N events occur in both summer and 

winter, the false alarms are likely to derive from the underestimation of discharge in summer and the 

misses come from the overestimation of discharge in winter, also seen in the low R2 of N events. This 

also results in the many more events in summer and less events in winter months and the lower 

average contribution of the West Alpine sub-basin to low flow events at Lobith under the growing 

season threshold and the larger contribution to events in winter under the navigation threshold. There 

is almost no error in the return periods of N event characteristics, because under- and overestimation 

balance each other out. In the severities of events under the growing season threshold there are large 

errors. Especially the severity is much overestimated. The error in the discharge is also visible in the 

autocorrelation length which is smaller in the simulations than in the observations. Part of the error in 

discharge can be explained by the error in lake levels of Lake Lucerne. The snow, although the 

correlation is high, starts later to build up and melts later and in shorter time. Too less snow would be 

an explanation for the overestimation of flow in winter (not much snow accumulation) and for the 

underestimation of summer flows (too less melt water).  

Neckar 
In the Neckar at Cochem there is a very accurate representation of the discharge when looking at the 

FDC and the autocorrelation length. The large number of misses and false alarms can be explained by 

having very short events, also seen in the short autocorrelation length. The well simulated discharge 

makes also the simulated return periods of event characteristics quite accurate. There is a slight 

overestimation of the severity (also seen in the Mean Absolute Relative Errors (MARE’s)) and a slight 

underestimation of the duration. There is a high correlation of the groundwater indices and the 



49 
 

groundwater indices have the same relation with the discharge. This is possibly the origin of the good 

discharge simulation.  

Main 
At Frankfurt the simulations underestimate the discharge, as can be seen in the FDC. Remarkable is 

the twice as long autocorrelation length in the simulations compared to the observations, which leads 

to more persistence and longer events. That this is especially the case in the winter months, can be 

seen in the large MARE’s for N events and the overestimation of severity and duration for the return 

periods of N events. In the growing season there are not many events, and while there are quite some 

misses, the characteristics are simulated correctly. There is a good correlation between groundwater 

indices of observations and simulations, but the correlation of groundwater index and discharge is 

larger in the simulations than in the observations. This may be the reason of the larger persistence of 

discharge. Because the underestimation of flow is especially in the winter, and there are both in the 

observations as the simulations few low flow events, the lack of regulation by weirs is not considered 

to be a large part of the error.  

Moselle 
The underestimation of discharges at Cochem that is seen in the FDC, is leading to more low flow 

events. This causes a large number of false alarms, and twice as much N events in summer as in the 

observations. The severities and durations are overestimated, this can be seen in the high MARE’s in 

the matched events and the large differences in return periods for the severities. Also the durations 

are overestimated, but the most extreme durations have very similar return periods in the simulations 

and observations. The groundwater-discharge relation is somewhat higher in the simulations, but the 

correlation between the two groundwater indices is good. Because there is underestimation of 

discharge taking place throughout the entire year, the lack of regulation by weirs in the hydrological 

model could be the explanation of the differences.  

Andernach 
Also discharges at Andernach are underestimated, this is probably because the tributary flows, except 

for the Neckar, are also mainly underestimated. The autocorrelation lag in the simulations is slightly 

smaller than in the observations, this could be because the inflow of the tributaries is also different 

from the observations, and in the Alps there is a large decrease in autocorrelation. From the high hit 

rate, high false alarm rate and the increased number of events can be concluded that the 

underestimation of flow results in more events, especially in summer. This underestimation in summer 

is also seen in Rekingen, Untersiggenthal and Cochem. The return periods of duration are represented 

quite good, but the discharge during low flow events is lower, so that the return periods of severities 

are largely overestimated. 

Lobith 
There are only a few differences between the discharge at Andernach and the discharge at Lobith. The 

underestimation of discharge in the FDC is slightly less. Perhaps the simulation of the small tributaries 

in the Lower Rhine basin is the cause, which could also explain the larger average contribution of the 

Lower and Middle Rhine basin to low flow events in summer at Lobith. The event properties at 

Andernach and Lobith in return periods are almost the same, but the number of events is lower, which 

can also be seen in the larger autocorrelation lag. The matching of events is rather good, and the 

overestimation of severity is smaller than in Andernach. Especially the number of events in the summer 

with the navigation thresholds is overestimated in the simulations. 
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4.7.2. Weather generator 
East Alpine sub-basin 
The weather generator in the East Alpine sub-basin performs very well. Looking at the precipitation of 

the weather generator there are less extreme 30 day dry periods in winter and more extreme 30 day 

dry periods in summer and with 120 day periods this is opposite. There is no difference in FDC and 

return periods of severity and duration of N events, while there are less events both in summer and 

winter. There are slightly more events under the growing season thresholds, and there is a large 

increase in duration in extreme events, showing thus both more and longer events. The combination 

temperature and precipitation does not seem to influence the snow simulations.  

West Alpine sub-basin 
The number of days with temperatures below zero degrees in the West Alpine sub-basin are a bit less 

in the synthetic weather, but the combination temperature and precipitation in winter causes a 

significant change in duration and maximum depth of snow cover. This causes more low flows because 

there is less melt water in summer. There are less extreme 120 day dry periods in the summer, but an 

increase of the number of events. There is a decrease of severities of these events seen in the return 

periods. The difference in rainfall makes that there are less severe events. In the FDC, the lake levels 

and the groundwater curves is no difference seen, so any differences average out over the years.  

Neckar 
In the Neckar sub-basin little difference is seen in the precipitation statistics. There is a slight increase 

of the 30 day minimum in summer, so less extreme dry periods. This is also seen in the number of 

events in summer, with both thresholds. The durations of the GS events seem to be a little 

underestimated. The weather generator causes no change in the FDC or the groundwater duration 

curve. Also the short autocorrelation length shows that the overall regime stays the same.  

Main 
In the Main sub-basin there is also a small difference in the summer dry periods in the weather 

generator compared to the observations. The less dry periods cause no difference in the FDC, the 

autocorrelation lag or the groundwater level duration curve. They do cause less low flow events, and 

a large error in the return periods of severity and duration of GS events. There is less low flow in the 

growing season, and in the winter there are probably more low discharges so that the return periods 

of the characteristics of N events are represented well. 

Moselle 
In the sub-basin of the Moselle is a more clear relation between the weather generator precipitation 

and the outcomes of the low flow analyses. For the Moselle the weather generator gives an increase 

of the extreme minimum sums of precipitation, especially in summer. This causes less low flows in 

summer, which is confirmed by the large decrease in N events in summer and the higher return periods 

of all event characteristics, especially the severity of GS events. The flow duration curve here shows 

also an increase of the lowest flows. There is no change in the autocorrelation lag and the groundwater 

level duration curve.  

Andernach 
The weather influences of the tributaries and the less dry periods in the Middle Rhine basin itself cause 

less N events, especially in the summer. Therefore the severity of GS events has decreased. The 

severity of N events and the duration of GS events have decreased a little. There is a slight increase of 

the lowest flows in the FDC, no change in the autocorrelation lag, and less variance in the groundwater 

levels.  
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Lobith 
Also in the Lower Rhine basin there are less dry periods from the weather generator, so the effects 

from dry periods in the summer period in Andernach are strengthened; there are less low flow events 

in the summer and the largest difference in the return periods of the event characteristics is the 

decrease of severity of GS events. There are more low flow events, but still a decrease of severity. Also 

there is a light increase of the lowest discharges in the FDC, so there are no indications that there are 

more low flows caused by the weather generator. There is a little decrease in autocorrelation length 

and the variance in groundwater levels is less. 

4.7.3. Performances  
Hydrological model 
The hydrological model causes mainly underestimations of flow. In the Alpine basins this is especially 

the case in summer, which can be related to errors in the snow simulation. At Frankfurt the 

underestimation is mainly in winter, which can be related to groundwater. In the tributaries Moselle, 

Main and Neckar regulation of flow by weirs can play a role in the underestimations, but this should 

not change much in the simulation of flow at Lobith, because the contributions from the tributaries 

are small. Therefore also the good performance of simulated discharge in the Neckar has little effect 

for Lobith. The underestimation of discharge at Lobith is considered to be caused mainly by the errors 

in the Alpine basins. The hit rate is high at Lobith and the probabilities of occurrence for the durations 

are simulated well. For the severities however, the performance is poor.  

Weather generator 
The weather generator has less dry 30 and 120 day periods than there are observed. This is especially 

the case in the Lower and Middle Rhine, the Moselle, the Main and the West Alpine sub-basin and 

more in summer than in winter. Therefore there are smaller numbers of low flows, and decreases of 

severities and durations. In the West Alpine sub-basin there is a significant difference in simulations of 

snow cover depth and duration. The decrease of snow causes more low flows in summer.  
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5. Results of recalibration East Alpine sub-basin 
In this section the results of the recalibration of the East Alpine sub-basin are presented. This is the 

interpretation of research question 4. In section 5.1 the problem definition is given on which this 

recalibration is based. In section 5.2 a detailed set-up of the calibration is presented and in section 5.3 

the calibration results are shown. Section 5.4 covers the validation of the recalibrated set. 

5.1. Problem definition 
The aim of the recalibration is to improve the modelling of low flows in the East Alpine basin. In Figure 

13 in the results of the evaluation was shown that the modelling of Lake Constance has a low 

performance. This could be because of the inflow or because of the lake schematization itself. To check 

this, differences between observation and simulation of the upstream and downstream discharge 

locations are plotted, as seen in Figure 21. At the discharge locations Domat/Ems and Diepoldsau 

upstream of Lake Constance the flow is regulated (also seen in the large variability of errors), which 

makes it more difficult to calibrate, but still is seen that the error is the largest from February/March 

to July/August and mainly negative, directing to a systematic underestimation of the flow by the HBV 

model. The same underestimation is seen in the lake levels and the outflow of the lake at Neuhausen. 

The underestimation of flow in the spring can have its origin in underestimation of the precipitation 

measurements in the Alps (Davids et al., 2015). Precipitation that falls as snow, is more difficult to 

measure, as wind can cause large errors (Berglöv et al., 2009). 

 

Figure 21 Graphical representation of the differences between the simulated and observed time series in the East Alpine sub-
basin of discharges and lake levels at the locations Domat/Ems, Diepoldsau, Lake Constance and Neuhausen-
Flurlingerbrücke (before recalibration).  
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In the recalibration is tried to reduce this error in spring and because it is seen in all upstream basins, 

focus is on the HBV sub-catchments Rhein1 and Rhein2 (upstream of Lake Constance), Rheineuh (Lake 

Constance) and Rhein3 (downstream of Lake Constance and with outflow location Rekingen). These 

are the basins in which the Alpenrhein flows.  

5.2. Set up of the calibration 
To determine which parameters are used in the calibration a sensitivity analysis is conducted. The 

sensitivity analysis is performed for catchment Rhein1, the assumption is that the other sub-

catchments have similar characteristic behaviour because they are also in the Alpine area. The changes 

in parameters act differently with the four performance indicators as shown in Figure 22 (an increase 

in NSE/NSEi is good, and an increase in RVE is bad, because they are all negative). In Table 19 the effects 

in the sensitivity analysis are summarized.  

 

 

Figure 22 Relative changes of the four performance measures for relative changes of different parameters. Improvements 
are indicated by an increase of NSE or NSE inverse or a decrease of RVE or RVE spring. 



54 
 

Table 19 Positive and negative effects on the performance measures from the sensitivity analysis.  

 -- - + ++ 

NSE Decrease cfmax 
Decrease Sfcf 

Increase Khq 
Decrease perc 

Decrease khq 
Increase cfmax 

 

NSEi Decrease k1 
Increase Sfcf 
Increase perc 

Decrease khq 
Increase cfmax 

Decrease cfmax 
Increase khq 

Increase k1 
Decrease Sfcf 
Decrease perc 

RVE Decrease Sfcf Increase cfmax Decrease cfmax Increase Sfcf 

RVEspring Decrease Sfcf Increase perc 
Decrease cfmax 

Decrease perc Increase Sfcf 

 

Looking at the results of the sensitivity analysis the largest differences in the model are found for the 

parameters Cfmax, Sfcf, Khq, Perc and K1. These are the parameters that are calibrated. Some of them 

also have opposite effects on the different performance measures. Performing five thousand runs per 

HBV sub-catchment should cover for finding optimal parameter combinations. This is the same number 

as in Hegnauer et al. (2014) and Davids et al. (2015). 

The parameters used in the recalibration together with their lower and upper bounds are presented 

in Table 20. The values for these boundaries are taken from other studies of HBV calibrations, and are 

considered realistic.  

Table 20 Parameters used for the calibration of the Alpine basin with lower and upper boundary and references to studies 
with the same boundaries. 

   Min Max  

Cfmax Degree day factor melt Mm/day/°C 1.0 6.0 (Hegnauer & van Verseveld, 2013) 

Sfcf Snowfall correction 
factor 

- 0.7 1.4 (Berglöv et al., 2009) 

Khq Recession parameter at 
high flow level hq 

1/day 0.005 1.0 (Berglöv et al., 2009; Davids et al., 2015; 
Hegnauer & van Verseveld, 2013) 

Perc Percolation from upper 
to lower reservoir 

Mm/day 0.01 5.5 (Berglöv et al., 2009; Demirel et al., 
2013a; Hegnauer & van Verseveld, 
2013) 

K1 Recession coefficient 
lower reservoir 

1/day 0.0005 0.2 (Demirel et al., 2013a) 

 

5.3. Results of the calibration 
After every calibration of the sub-catchment the Pareto front of the four performance measures NSE, 

NSE inverse, RVE and RVE spring, is determined. The boundary thresholds are shown in Table 21. When 

applying the boundaries of NSEi>0.5, RVE<0.1 and RVEspring<0.1 to the results of the basins Rhein 1 and 

Rhein 2, there are not enough behavioural sets because it is difficult to get a high performance at these 

locations with unnatural flow patterns (Hegnauer & van Verseveld, 2013).  
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Table 21 Thresholds of performance measures to bound the behavioural sets for the four HBV sub-catchments , and the 
resulting number of behavioural sets.   

Performance measure Threshold  
Rhein 1 

 
Rhein 2 

 
Rheineuh 

 
Rhein 3 

NSE - - - - 
NSEi > - 0.5 > 0.5 > 0.5 > 0.5 

RVE < 0.25 < 0.15 < 0.1 < 0.1 

RVEspring < 0.25 < 0.15 < 0.1 < 0.1 

     

Final number of behavioural sets 11 12 22 63 
 

The results on the severity for the growing season threshold are displayed for all 63 behavioural sets 

at Rekingen in Figure 23. The severity of low flow events in the growing season is, except for two sets, 

largely overestimated but lower than the original calibration. The 5%, 50% and 95% values based on 

the 1/10 year event are likely to have underestimations of the discharge. The set that is, based on 

visual inspection, closest to the observations is the dashed line in Figure 23. This set is chosen to be 

evaluated further. In Table 22 can be seen that this set does not give very different values for the 

performance measures as the 5%, 50% and 95% sets. In Table 23 the old and new parameter values 

can be found. Here can be seen that especially the snow factor has increased.  

 

Figure 23 Return periods for the severity of low flow events in the growing season at Rekingen for the observations (blue), 
original historical simulation (black) and the 63 behavioural sets (different colours). The black dashed line is the visual 
inspection set.  
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Table 22 Performance measures for the 5%, 50% and 95% behavioural sets of the recalibration plus the set that gives the 
best result based on visual inspection (visual) based on the severity of the 1/10 year event in the growing season. 

NSE 5% 50% 95% visual  NSEi 5% 50% 95% visual 

Rhein1 0.07 -0.64 -0.43 -0.64  Rhein1 0.14 0.13 0.04 0.13 

Rhein2 0.60 0.52 0.49 0.63  Rhein2 0.10 0.07 0.24 0.34 

Rheineuh 0.85 0.89 0.85 0.89  Rheineuh 0.62 0.75 0.79 0.78 

Rhein3 
 
 

0.88 0.92 0.77 0.92  Rhein3 
 
 

0.86 0.88 0.83 0.91 
 

RVE 5% 50% 95% visual  RVEspring 5% 50% 95% visual 

Rhein1 -0.10 -0.10 -0.11 -0.10  Rhein1 -0.08 -0.11 -0.06 -0.11 

Rhein2 -0.11 -0.12 -0.12 -0.12  Rhein2 -0.08 -0.09 -0.09 -0.11 

Rheineuh -0.09 -0.10 -0.10 -0.10  Rheineuh -0.12 -0.10 -0.08 -0.13 

Rhein3 -0.02 -0.02 -0.02 -0.02  Rhein3 -0.04 -0.03 0.00 -0.04 

 

Table 23 Parameter values of the recalibration and the original calibration. 

  Rhein 1 Rhein 2 Rheineuh Rhein 3 

cfmax org 2.737 2.737 1.427 3.597 

new 2.050 3.717 4.370 1.899 

Sfcf org 1.000 1.000 1.000 1.000 

new 1.376 1.331 1.333 1.281 

Khq org 0.164 0.164 0.696 0.674 

new 0.788 0.058 0.366 0.051 

K1 org 0.010 0.010 0.010 0.010 

new 0.002 0.075 0.138 0.007 

perc org 2.172 2.172 1.264 5.075 

new 3.478 4.349 2.564 2.130 

 

5.4.  Validation 
In Appendix B the tables and figures that show the validation results of the visual inspection set can be 

found.  

With the recalibration there is less underestimation of discharge at Rekingen, and the autocorrelation 

length is closer to the observations, meaning that the persistence in discharge is also simulated better. 

This better simulation of the discharge pattern makes that there are more hits and less false alarms 

(also reflected in the lower number of events). The MARE’s are smaller and the R2’s larger, so there 

are less errors in the matched events. Also the timing has improved. This leads to better simulation of 

lake levels and eventually the return periods. The snow simulation has improved, but not much, and 

the groundwater correlation is lower than before.  

At Lobith the effects of the recalibration of the Alpenrhein are of course smaller, because of the 

contributions of the other sub-basins, but they are present. The underestimation of medium 

discharges is less, and the autocorrelation length has changed. The improvement in summer is clear, 

looking at the improved number of events under the growing season thresholds, the increased number 

of hits and the lower number of false alarms. But in the winter there are more events, and the return 

periods of severity under the navigation threshold are slightly worse. This is compensated with the 

improvement in summer.  
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Looking at the peak flows from the newly calibrated series the peak flows are better represented than 

in the old simulation (Figure 24). They are not overestimated anymore. From the 63 behavioural sets, 

there are 44 sets that give smaller yearly maximum values than the original simulations. There are four 

sets that give smaller values than the observations. That means that there are forty sets (the majority) 

with yearly maximum values with better performance than the original simulation.  

 

 

Lobith           Rekingen 

Figure 24 Annual maximum discharges expressed as a function of standard Gumbel variate.  

The good performance on high flows (giving lower peaks) can be caused by the groundwater 

parameters. In the original calibration these parameters were used to counteract on the missing snow. 

Now the snow is added, the other parameters do not have to correct for it anymore and can be set in 

a way that is more appropriate for the whole series of flow. Besides the better performance for low 

flows, the recalibrated set also lowered the annual peaks at Rekingen and therefore improved the 

performance for high discharges. The highest peaks at Lobith have decreased a little, bringing them 

closer to the observed values.   
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6. Discussion 
The discussion is divided in four parts. In section 6.1 the value of the research is discussed, in 6.2 and 

6.3 respectively the methodology and the results are evaluated and in section 6.4 this study is looked 

at in a broader perspective , linked to other research.  

6.1. Value of the research 
This research adds to the knowledge of the Rhine system and especially the low flows. Information 

about duration and severity under LCW thresholds with synthetic weather input has a large potential 

to give more information than characteristic years, and there is a possibility of GRADE to use it as 

replacement for using extreme value distributions for low flows as well as for floods. This is a 

completely new approach to low flow analysis in the Netherlands. In other river basins, such as the 

Thames (UK), the Volga (Russia) and the Poudre river (Colorado, USA) synthetic series are already used 

to assess return periods of low flow events or vulnerabilities of the water systems (Bolgov & Korobkina, 

2011; Borgomeo et al., 2015a; Salas et al., 2005). 

The benefit of GRADE for low flow frequency analysis in the Netherlands is that no distribution function 

has to be chosen and fitted. Although there are very advanced techniques for applying distribution 

functions, they are still very sensitive to certain outliers and they give no information about the 

hydrological and meteorological background of the low flows. With GRADE also information about the 

development of extreme low flow events can be derived.  

6.2. Methods 
In this research the calibrated model that is used in GRADE is chosen as starting point of the evaluation 

and the recalibration. A recalibration of the HBV model of the Rhine already existed, made by Davids 

et al. (2015). That hydrological model is however calibrated on an hourly time step base and only for 

the summer, while in this study only daily time steps are used and low flows are evaluated throughout 

the entire year.  

The choices made in the low flow definition are quite important in the evaluation. Because the 

threshold level is a fixed value, the difference between a hit and a false alarm can be quite small, and 

it can be seen as subjective. In the synthetic series this is no different, but then cannot be checked 

whether it is a hit or a false alarm. The pooling procedure may be focussed more on the user’s 

perspective when using it in practice. This depends on the information that the user requires.  

In this study the return periods of duration and severity are evaluated separately. There is chosen not 

to incorporate the relation between these two and the joint probability in the evaluation. There are 

too less events to give a good representation. There is a correlation between the duration and the 

severity, but severities with an event of a certain duration can differ much. This depends on the 

discharge during the event. Also the joint probability is not of use to every user.  

In the recalibration a lot of choices have been made that influence the results. The simulation of the 

lake level Bodensee had a very bad performance, and this is a large part of the East Alpine sub-basin. 

Therefore is chosen to try to improve the performance in this basin. There is also an error found in the 

West Alpine sun-basin (in the growing season), in the Moselle (in the summer) and in the Main (in the 

persistence of the discharge). Also the performance of these sub basins could benefit from a more in-

depth analysis and recalibration. The East Alpine sub-basin is chosen because of reasons of time and 

curiosity about Lake Constance of the researchers. Also in the operational model often a deviation is 

seen between the observed lake levels and the simulated lake levels. Not all HBV sub-catchments are 

taken into account in the recalibration. So it could be that the current calibrated parameters balance 

the uncalibrated upstream catchments (Schugerm, Argegerm, Bregaust and Thur).  
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The fact that the snow correction factor seems so important in the calibration and leads to better 

performance than in the original GRADE model, also for the Nash-Sutcliffe Efficiency, leads to think 

that the assumption made in the reports of the GLUE analysis in GRADE (Hegnauer & van Verseveld, 

2013; Winsemius et al., 2013) is open for discussion. They say that good results are established without 

precipitation correction factors and poorer results could be explained by other factors. But in the case 

of snow in the Alps, this can be invalid: snow is difficult to measure and it can differ a lot per location, 

also there is a negative relative volume error in the discharges as well as in Lake Constance. So applying 

a correction factor can be justified, and has been improved with a correction factor, resulting in more 

snow and more melt water. A maximum snowfall correction factor (Sfcf) of 1.4 is chosen because that 

was considered still realistic. From the recalibration results appears that all the behavioural sets have 

Sfcf values in the range 1.2 – 1.4. It could be that with a higher value for the upper bound more 

behavioural sets with good performance can be found. There is also still an underestimation of 

discharge in spring, so maybe even larger Sfcf would be more representative. It is advised to test this 

in next calibrations. Also satellite images can be used to estimate the snowfall correction factor, as is 

also done in the study of Shrestha et al. (2014). 

6.3. Results 
Because of the standardisation the snow indices and the groundwater indices can only be compared 

on the deviation from the mean value. Because of the small number of snow stations in the 

observations it is also questionable whether the simulations, that give a value for a larger area, should 

be compared at all with the station data, although they are both averaged for the large East and West 

Alpine sub-basins. Also the change in density of the snow pack, that is in the observed snow depth, 

cannot be taken into account in comparisons with the simulations.  

Because of the standardisation it is also difficult to say if the snow simulation itself has improved in the 

recalibration, using the snowfall correction factor. This will only change the mean and the standard-

deviation, but not the standardised index. What is remarkable of the snow simulation is the snow 

accumulation throughout the years, while the snow depth in the Alps show a decreasing trend from 

1980 (Laternser & Schneebeli, 2003). After the recalibration the HBV model shows more snow 

accumulation throughout the years (0.94 mm/year) than in the original calibration, in spite of a better 

performance on discharge simulation.  

In the weather generator only values averaged over the whole basin determine the resampling and 

are used to validate the extreme maximum values generated (Schmeits et al., 2014). For producing 

annual flood statistics this is good enough, and the weather generator also simulated dry periods in 

this way, so that low flows occur. When looking at the dry periods and the snow simulation of the West 

Alps, the representation of the weather is significantly different from the observations, resulting in 

differences in the flow. Although differences in low flow events are small, for better representation of 

low flows in the Rhine, the weather generator should be altered to incorporate (local) persistence of 

the weather. The weather generator with a four-month memory term in it (Beersma & Buishand, 2007) 

can be used as improvement, as also mentioned in GRADE report (Hegnauer et al., 2014). The 

persistent weather conditions then can be simulated better. For individual low flow events the spatial 

distribution is more important, so the validation of the weather generator my include different regions 

in the basin. 

The comparison of the simulations with the observations is only valid when the measurements in the 

observed time series are reliable. In this case it is assumed that there are no large errors in the 

measurements of low flows. However, regulation of flow cannot be seen in the discharge series, and 

this can play an important role in low flows. As is seen in the results especially at Cochem regulation 

could play a role in the underestimation of flow by the simulations. 
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Comparing the observations with the synthetic simulations has its limitations. Because there are two 

factors in the synthetic simulations (the weather generator and the hydrological model) that balance 

out some effects. Because there are more low flows due to the hydrological model and less low flows 

due to the weather generator, the synthetic series can be similar to the observations in some 

characteristics. However, this similarity is based on two errors, so is not reliable to draw conclusions 

from. 

6.4. Other research 
De Wit et al. (2007) concluded in their research that a model with good performance for average and 

high discharges may not be adequate to simulate low flows. There are different processes occurring in 

the basin and contributing to the flow. Often HBV can only be tuned either for high flow processes or 

for low flow processes.  Also in the recalibration of the HBV model for the Rhine by Davids et al. (2015) 

is advised to use two different models; one for high flows and one for low flows. The same is seen in 

this study; while the model performance is acceptable for peak flows, there are larger errors in the low 

flow simulations. 

Discharge generators that are especially made for low flows do not have this problem of models for 

floods not being suitable for low flows. They are validated on low flow statistics. The benefit from using 

a weather generator and a hydrological model for synthetic series is that meteorology is resampled 

and has no other values than ever observed, but the discharges can be different from observed, 

without using a fitted distribution. This is the same method as Brocca et al. (2013) and Liersch and Volk 

(2008) used for flood risk assessment, but in GRADE a continuous time series is used. Because not only 

a database of possible events is collected, but also the probability of occurrence in a time period is 

estimated from it. In the Rhine basin also the timing of events within the basin are of importance.  

The reality of climate change means that there is a need to go beyond methods that are based on 

historical data alone require synthetic discharge generators that can reproduce observed statistics and 

then can be adapted to generate discharges with other properties than the observed data (Borgomeo 

et al., 2015a). Making the current model applicable for low flow statistics simulation is the first start in 

assessing the implications of climate change on low flows. GRADE is already accepted for floods, and 

for floods also a synthetic series with climate change incorporated is already evaluated (Sperna 

Weiland et al., 2015). As De Wit et al. (2007) and Demirel et al. (2013c) found in their studies, climate 

change also affects low flows in the Rhine and Meuse basins.   
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7. Conclusions 
In this research the skill of the existing model combination GRADE (Generator of Rainfall and Discharge 

Extremes) is evaluated for low flow events at the outflow locations of seven mayor sub-basins of the 

river Rhine. The low flow events are defined with threshold levels based on the thresholds of the Dutch 

National Committee of Water allocation and are divided into constant year-round thresholds and 

higher thresholds for only the growing season to take impact of low flows on agriculture into account. 

The skill of the HBV model, the skill of the weather generator and the skill of the combination of 

weather generator and HBV model are studied. Furthermore a part of the HBV model has been 

improved for the skill on low flows.  

7.1. Skill of HBV 
When looking at the skill of HBV in simulating low flows it is seen that there is usually an 

underestimation of the discharge in the lower spectrum. That causes more low flows than there are 

observed and larger severities of low flow events. The return periods of the durations are simulated 

quite well at Lobith, Andernach, Frankfurt (Main) and Rockenau (Neckar). In the Neckar the discharges 

are simulated well and the underestimation is less. In the West-Alpine sub-basin there is, next to 

underestimation in the summer, overestimation of discharges in the winter. This causes less low flow 

events. There is a large overestimation of the discharges in summer in the Alpine sub-basins. This is 

related to the snow simulation. The lake levels, snow covers and groundwater levels, that are 

simulated in the conceptual HBV model, correlate well with the observed levels when standardized. 

The variations through the years can be seen.  

7.2. Skill of weather generator 
Although the weather generator is not made to simulate dry periods and is not evaluated for it, it does 

generate dry periods. But these synthetic dry periods are not extreme enough to simulate the same 

number of low flows and the same durations and severities as with the historical weather series. The 

snow simulation is not adequate at all locations, while this is important for the flows in summer.  

7.3. Skill of GRADE 
Because of the increase in low flows caused by the HBV model and the decrease in low flows caused 

by the weather generator the synthetic simulations of low flows are closer to the observations than 

the historical simulations. The less dry periods compensate for the underestimation of discharge. But 

still there are large errors. Good performances are realised for the discharges and the return periods 

of severity and duration in the Neckar sub-basin at Rockenau, the return periods of severity and 

duration of events under the navigation thresholds at the Alpine discharge locations and the return 

periods of durations of events at Andernach and Lobith. The performances are however based on the 

compensation of two errors. So the model performs well for the wrong reasons and it is doubted if  

the information from the model is usable. 

7.4. Improvement of the skill 
With the recalibration of four East-Alpine sub-catchments of the HBV model is shown that the 

performance for low flows can be improved. After the recalibration the underestimation of discharges 

is less, and therefore the skill of the model to simulate low flow characteristics as duration and severity 

is better. Especially large improvements are gained in the summer and spring. The snow simulation 

played a large role in this, although it is not sure whether the simulation of snow itself has become 

better.  
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7.5. Recommendations and further research 
Because of the described differences between the synthetic simulations and the observations of the 

low flow characteristics in the Rhine basin, it is not recommended to use GRADE in its current condition 

for estimating probabilities of low flows. The information about low flows that can be drawn from the 

synthetic series, is not representing the observations. But this study does show that there is a large 

potential to use an adapted version of GRADE for gaining insight in low flows in the Netherlands. Low 

flow policies can be connected to the probabilities of low flows and measures can be proposed based 

on evaluation of generated extreme low flow events.  

The improved models should have a better skill on low flows. The hydrological model can be improved 

by e.g., a recalibration of the whole basin. The weather generator can be improved by adding a 

memory term to the algorithm to simulate more persistence in the dry weather.  

Further research into the model can be useful for the improvements. For example satellite images can 

be used to estimate the snowfall correction factor. Also it could be interesting to look at the influence 

of hydraulic structures such as weirs in the low flow conditions. 

When GRADE is adapted for low flows, it becomes more suitable to run this with synthetic series based 

on climate scenarios. This gives extra information about the change in low flows that can be expected 

in the future.  

Now the analysis only includes the Rhine. For the Meuse the same analysis can be done. The Meuse is 

a rain-dominated river so problems in the snow simulation will not have a large impact. For the Meuse 

also LCW thresholds exist, these can be used for the analysis.  
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Appendix A – Return periods of annual minimum precipitation sums 
In this Appendix the graphs can be found for the return periods of precipitation sums in the different 

sub-basins of the Rhine (Figure 25). The observations are represented by blue dots and the synthetic 

weather series by a red line.  
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Figure 25 Probability of occurrence of annual precipitation sums for winter, summer and the entire year.  
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Appendix B – Validation of recalibration 
Here the figures and tables are shown for the low flow analyses presented in section 3.2 for the East 

Alpine basin (discharge location Rekingen) and the entire Rhine basin (discharge location Lobith). 

Table 24 Performance measures for the original simulation (org), the recalibration (visual inspection set) (cal) and the 
validation (val) 

 NSE NSEi RVE RVE spring 

 Org Cal Val Org Cal Val Org Cal Val Org Cal Val 

Rhein 1 
Domat/Ems 0.38 -0.64 -0.69 -2.09 0.13 0.14 -0.28 -0.10 -0.12 -0.29 -0.11 -0.10 

Rhein2 
Diepoldsau 0.57 0.63 0.57 -0.63 0.34 0.22 -0.26 -0.12 -0.12 -0.30 -0.11 -0.11 

Rheineuh 
Neuhausen- 
Flurlingerbrücke 0.64 0.89 0.88 0.22 0.78 0.73 -0.19 -0.10 -0.090 -0.27 -0.13 -0.10 

Rhein3 
Rekingen 0.68 0.92 0.91 0.59 0.91 0.89 -0.11 -0.024 -0.042 -0.27 -0.044 -0.053 

             

Rhine basin 
Lobith 0.93  0.95 0.90  0.92 -0.059  -0.043 -0.080  -0.053 

 

 

 

Lobith        Rekingen  

Figure 26 Flow duration curves of lower end of the discharges after the recalibration at Lobith and Rekingen  

Table 25 Correlation length (in days) for the discharge locations  

 Observation Historical 
simulation 

Synthetic 
simulation 

Recalibrated 
historical 
simulation 

Lobith 32 30 29 31 

Rekingen 45 33 32 42 

 

 

 

 



70 
 

Table 26 Results from the contingency table for events in time series with navigation thresholds after recalibration.  

Navigation 
threshold 

Hits CSI Hit  
rate 

False  
alarm 
ratio 

Duration Severity Timing 

     MARE 
[-] 

R2 

[-] 
MARE 
[-] 

R2 
[-] 

Mean 
# days 
start 
date 
later 

Mean 
# days 
end 
date 
later 

Lobith (45) 41 0.56 0.91 0.41 1.57 0.77 18.07 0.74 -6.15 3.17 

Lobith new  42 0.58 0.93 0.39 1.36 0.61 13.72 0.76 -3.45 2.14 

Rekingen (40) 23 0.26 0.58 0.68 2.14 0.024 12.82 0.0066 -5.09 -0.91 

Rekingen new 27 0.48 0.68 0.37 0.77 0.65 4.13 0.79 -0.074 0.33 

 

Table 27  Results from the contingency table for events in time series with growing season thresholds after recalibration. 

Growing 
season 
threshold 

Hits CSI Hit 
rate 

False 
alarm 
ratio 

Duration Severity Timing 

     MARE 
[-] 

R2 [-] MARE 
[-] 

R2 [-] Mean 
# 
days 
start 
date 
later 

Mean  
# days 
end 
date 
later 

Lobith (28) 22 0.42 0.79 0.52 0.95 0.53 6.85 0.67 -5.64 5.68 

Lobith val 23 0.56 0.82 0.36 0.64 0.66 4.58 0.72 -3.65 3.70 

Rekingen (30) 24 0.29 0.80 0.68 5.14 0.29 52.96 0.0077 -7.46 18.29 

Rekingen val 28 0.68 0.93 0.28 1.81 0.62 13.70 0.31 -1.43 6.14 

 

Table 28 Average number of events per year in different time series for different thresholds and periods after recalibration. 

Events 
per 
year 

 Navigation threshold Growing 
season 
threshold 

Navigation 
threshold 
summer  

Navigation 
threshold 
winter 

    April-September October-
March 

Lobith Obs 0.85 0.53 0.26 0.58 

Historical sim 1.30 0.87 0.53 0.77 

 Historical sim new 1.30 0.68 0.51 0.80 

Rekinge
n 

Obs 0.77 0.58 0.29 0.48 

Historical sim 1.37 1.46 1.08 0.29 

 Historical sim new 0.83 0.75 0.44 0.38 
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Figure 27 Return periods of event characteristics severity and duration after recalibration. Blue=observed, black= historical 
simulated old, red= historical simulated new. 
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Table 29 Performance indicators of lake level simulations after recalibration. 

Lake NSE MAE MAE 
summer 
(April-
September) 

MAE 
winter 

Lake Constance 0.60 0.30 0.42 0.18 

Lake Constance new 0.85 0.18 0.24 0.13 

 

  

Figure 28 Level duration curve for lake levels in Lake Constance after recalibration. 

Table 30 Performance indicators of snow cover simulation after recalibration 

 Correlation 
time series 

Mean # days 
start day later  

Mean # days 
end day later 

Mean # days max 
snow cover later 

Correlation 
maximum cover 

East Alpine 0.83 27 55 28 0.88 

East Alpine 
new 

0.85 25 54 26 0.89 

 

Table 31 Correlation coefficients for groundwater indices of observed and simulated series after recalibration.  

 Correlation 
groundwater indices 

Correlation GW index 
with discharges 
observed 

Correlation GW index 
with discharges 
simulated 

East Alpine 0.51 0.70 0.69 

East Alpine new 0.48 0.70 0.67 

 

 

 

 

 


