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Summary 
 

 

This report summarizes the main implications of the KNMI'23 climate scenarios for future 

extreme high discharge statistics of the Vecht at Dalfsen. The resulting future discharge 

frequency curves (DFCs; so called ñwerklijnenò in Dutch) are presented for a set of 

combinations of climate scenarios and future time horizons.  

 

The GRADE KNMIô23 discharge frequency curves are made available for use by amongst 

others the Assessment and Design Instruments program for flood defences, in Dutch 

ñBeoordelings- en Ontwerpinstrumentariumò (BOI) and other policy programs for water 

management. However further interpretation and/or selection for the use in policy processes 

e.g. through the ñTopkader toepassing Klimaatscenarioôsò needs to be covered in a follow-up 

trajectory by Rijkswaterstaat and/or the Ministry of Infrastructure and Water Management.  

 

It should be noted that this is the first time that the future changes in DFCs could be derived 

using the GRADE instrument for the Vecht. This replaces the assumptions made in the 

KNMIô06 future scenarioôs that the discharge change signals for Dalfsen could be derived 

from the change signals calculated for the Lippe with the GRADE instrument for the Rhine. 

 

Method s 

 

Meteorological input - KNMIô23 Climate scenarios 

In 2023 KNMI published the new climate scenarios for the Netherlands and the river 

catchments of major rivers entering the Netherlands, the Rhine, Meuse and Vecht (van 

Dorland et al., 2024). These KNMIô23 climate scenarios are based on climate simulations 

with the Global Circulation Model (GCM) EC-EARTH that are downscaled using the higher 

resolution Regional Climate Model (RCM) RACMO (Van Meijgaard et al., 2012). In this study 

the KNMIô23 scenario data are used to construct 50.000 year future time-series for the Vecht. 

In this report three future emission scenarios are considered; development towards low 

emissions (L; SSP1-2.6), moderate emissions (M; SSP2-4.5) and high emissions (H; SSP5-

8.5). The KNMIô23 scenarios are available for the future time-horizons: 2050, 2100 and 2150 

and KNMI provided also data for the reference period 1991-2020. Table 1 provides an 

overview of all scenario-time horizon combinations for which we derived discharge frequency 

curves (DFCs). The BOI team requested DFCs for 2075 and 2125 as well (in Italics in Table 

1). These future time horizons are not part of the official KNMIô23 scenarios and are therefore 

obtained by interpolation. 

 

Table 1: Overview of the different scenarios and their names  

Time horizon  Low (SSP1 -2.6)  Moderate (SSP2 -4.5)  High (SSP5 -8.5)  

2050    
  
  
2100Ln1 

2050Mn  2050Hn  

2075 2075Mn  2075Hn  

2100  2100Mn  2100Hn  

2125 2125Mn  2125Hn  

2150  2150Mn  2150Hn  

ðððððððððððððð 
1 For the low emission scenario (L) the variation in climate conditions between 2050, 2100 and 2150 is too small (see 

Table 9 in the main report) to make distinctive climate scenarios (either wet or dry)  and they are all represented by a 

single scenario, denoted as 2100Ln. 
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For each climate scenario there is a set of dry (d) and wet (n) scenario realizations. To 

reduce computation times, only the wet realizations were included in this impact analysis for 

extreme high discharge statistics. The choice for the wet scenarios was made because they 

result overall in higher discharge extremes and thus make the current assessment risk 

averse. 

  

To reliably assess the future changes in discharge extremes of the Vecht, synthetic weather 

timeseries of 50.000 years are used which have the same statistical properties as the 

observed climate. In the first step KNMI derives the historical timeseries of 50.000 years of 

synthetic gridded meteorological data for the Vecht basin with the Weather Generator (WG). 

In this step the EOBSv26e dataset for the period 1950 to 2015 is used as input for the WG. 

This is the first time the Vecht river has been included in the GRADE project. 

  

In the next step, the historical synthetic meteorological timeseries of 50.000 years are 

transformed into future timeseries of 50.000 years using the KNMIô23 climate scenario 

information. In this way, for each specific future climate scenario, one timeseries of 50.000 

years is constructed. 

 

Derivation of river discharges and frequency analysis for each climate scenario  

Within this study a new historical reference DFC is introduced, i.e. the Buitink2025 DFC. This 

DFC can be considered an improvement over the Geerse2016 DFC that is currently used in 

WBI2017. For both reference DFCs the historical climate the ñHR2006 werklijnò (Geerse, 

2006) is used as reference hydrological DFC. For the new Buitink2025 DFC the HR2006 is 

transferred into a hydraulic DFC using the regression between the HBV/SOBEK3-1D and 

SOBEK3-1D2D2 discharge maxima simulated with the SOBEK models in the GRADE-Vecht 

1.0 setup (Geertsema et al., 2023a). In this way, a new reference DFC is constructed that 

accounts for upstream flooding using a physically based model for both the German and 

Dutch tributaries. For the latter, Geerse (2016) made assumptions that may have led to an 

overestimation when comparing the DFC with the DFC based on the 1D2D flood simulations 

in this report. 

 

The synthetic meteorological timeseries for the current and future climate are the input for the 

HBV96/SOBEK3-1D models implemented in GRADE-Vecht 1.0. This combination of models 

is used in the next step of the workflow to simulate the timeseries of discharges for the future 

from which the (changes in the) future discharge extremes are derived. These are still the 

hydrological discharge extremes that do not account for upstream flooding. 

 

The climate change signal, based on HBV96/SOBEK3-1D, is calculated from the difference in 

discharge extremes for all relevant return periods for each climate scenario and the reference 

climate. The climate change signals for a given return period and scenario are used to 

transfer the HR2006 DFC to obtain the hydrological DFCs corresponding to the set of future 

KNMIô23 climate scenarios. 

  

Finally, the resulting future hydrological discharge extremes are converted into hydraulic 

discharge extremes using a regression between the HBV96/SOBEK3-1D and SOBEK3-1D2D 

model. Based on the resulting hydraulic discharge extremes the final DFCs for the KNMIô23 

scenarios can be derived. 

  

DFCs with integrated uncertainty are constructed for the current and future climate combining 

the hydrological uncertainty as provided by Chbab (2017) and the hydraulic uncertainty of the 

SOBEK-1D2D model.  

ðððððððððððððð 
2 A detailed description of the models can be found in section 2.4.4 
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The values do not yet explicitly account for the change in this uncertainty due to the 

uncertainty in the climate change signal. Similar to the Rhine and Meuse, it requires further 

research to quantify this uncertainty. 

  

Flood hydrographs  

The DFCs are one of the end products of this assessment. Other important end products are 

the normalized flood hydrographs. To obtain these normalized flood hydrographs, flood 

waves are simulated with the SOBEK3-1D2D model for the most extreme 2150Hn scenario 

and the reference period. To reduce computation times this is done for a set of annual 

maximum discharges selected from the HBV96/SOBEK3-1D simulations. The resulting flood 

waves are averaged and normalized to obtain representative flood hydrographs that can be 

used to construct (future) flood waves for further analysis for all climate scenarios. 

 

Results  

The results presented in this study show that the discharge extremes are expected to 

increase for all climate scenarios compared to the current climate conditions (see Fig.1, the 

actual values can be found in Table 13). For a given future time-horizon, each scenario 

corresponds to a specific degree of global warming. Global warming is largest for the Hn 

scenario and for the Hn scenario the discharge extremes most rapidly increase with time. For 

the moderate and low climate scenarioôs the discharge extremes increase continuously with 

time, but the increases remain smaller. Note that for the low climate scenario only time-

horizon 2100 is presented in Figure 1.  

 

 

Figure 1 Discharge frequency curves for the historical climate (Buitink (2025), black) and KNMIô23 climate 

scenarios (coloured) with integrated uncertainty. 

 

The DFC used in WBI2017 for the current climate is calculated by Geerse (2016) and is used 

by Van den Boogaard and Bouaziz (2016) as a reference for the KNMIô06 scenarios. 

Comparing the reference DFCs of the KNMIô06 scenarios (van den Boogaard and Bouaziz, 

2016) and this study (Buitink, 2025) we see a large similarity (Figure 2). At a discharge of 

around 550 m3/s, the effect of flooding results in a temporary decrease of the slope of the 

Buitink (2025) DFC. In the van den Boogaard and Bouaziz (2016) DFC the flattening and 

thus flooding starts later and is not temporary but persistent up until the highest return 

periods. Therefore, for return periods of 10.000 years or more, the discharge extremes of 

Buitink (2025) are higher. 
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Figure 2 Comparison of the ñreferenceò discharge values used in this study (Buitink, 2025) and the reference 

used for the KNMIô06 scenarios (Geerse (2016) ï by van den Boogaard and Bouaziz (2016)), both DFCs are 

without integrated uncertainties. 

 

For 2100, the KNMIô23 Hn scenario projects higher discharge extremes for return periods 

above ~2000 years than the most extreme KNMIô06 scenario 2100W+ did. The KNMIô06 

2100W+ DFC shows a sharper flattening due to the approach used by Geerse to account for 

upstream flooding above 600 m3/s (Geerse, 2016; see Figure 3). The reduction in discharge 

to account for upstream flooding was  likely  too large in the method of Geerse for the 

reference period where they assumed that the flood volume lost in the Netherlands would 

equal the upstream flooding in Germany. This large reduction is transferred into the future 

DFCs. For 2100 the moderate KNMIô23 2100 Mn scenario clearly projects lower discharge 

extremes. 
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Figure 3 Comparison of the DFCs for 2100 for the extreme KNMIô06 scenario W+ (dark pink) and the KNMIô23 

scenarioôs 2100 Mn (purple) and 2100 Hn (orange)3. 

 

Figure 4 presents the resulting normalized flood hydrograph including the uncertainty bands 

averaged over all peak discharge classes (green) and averaged over the highest peak 

discharges (600 ï 800 m3/s ï blue) for both the reference climate and 2150 Hn scenario, the 

only scenarios for which the SOBEK3-1D2D model was run. These normalized flood 

hydrographs are provided to enable analysis of future flood waves for any future extreme 

discharge value and they can be used in BOI in subsequent hydrodynamic calculations with 

D-Hydro. In Appendix C, flood hydrographs are provided for a set of discharge classes. 

 

 
Figure 4: Normalized flood wave based on all flood events. Green lines indicates the mean over all events 

and the blue lines all waves between 600 and 800 m3/s (number of events in the title of the plot). The shaded 

areas represent the 10-90% range (light shaded) and the 33-66% range (dark shaded).  

N.B. The application of the results for the Hydraulic Loads (óHydraulische Belastingenô) will be covered 

by a follow-up trajectory within the Assessment and Design instrument program, ñBOIôô by the Ministry of 

Infrastructure and Water Management.   

ðððððððððððððð 
3 At the time of van den Boogaard and Bouaziz (2016) there was no GRADE-Vecht in place yet. The future discharge 

change signal obtained with GRADE-Rijn for the Lippe was applied to the discharge extreme of the Vecht to obtain  

future DFCs for the Vecht for the KNMIô06 scenarioôs. 
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Overview of relevant definitions 

Table 2 Important definitions 

Definition  Explanation  

HBV96 Lumped hydrological model (Lindström et al., 1997) 

WG Abbreviations used interchangeably for the KNMI Rainfall generator, 

respectively Weather Generator and Rainfall Generator 

DFC  Discharge Frequency Curve. This is the English translation of the Dutch 

word ówerklijnenô. The English term and mostly its abbreviation is used in 

this report.  

SOBEK3-

1D2D 

A coupled hydrodynamic model that allows for 1D (channel and floodplain) 

and 2D (landside of the dikes) simulations including the interaction 

between the two using the SOBEK3 modelling suite.  

GRADE Generator of Rainfall And Discharge Extremes, an instrument to derive 

discharge frequency curves consisting of a Rainfall generator, hydrological 

models and hydrodynamic models. 

GRADE-Vecht 

1.0 

The GRADE 1.0 implementation for the Vecht (see Geertsema et al., 

2023a) 

KNMI'06 The Dutch climate scenarios developed and delivered by KNMI in 2006 

KNMIô23 The new set of Dutch climate scenarios for the Netherlands and the Rhine, 

Meuse and Vecht river basins based on the IPCC 6th assessment report 

(Van Dorland et al., 2024) 

KNMIô23 

climate 

scenarios 

The future KNMI'23 climate scenarios (Van Dorland et al., 2024) 

 

current climate Reference to the meteorological conditions for the period 1991 - 2020 

Historic 

climate  

Reference to the meteorological conditions for the period 1951 - 2015 used 

as reference period for the WG 

EOBSv21e 

 

Version 21.0 e of the E-OBS dataset; the historical meteorological data 

used for the KNMI WG for temperature and potential evaporation in the 

GRADE-Vecht 1.0 report of Geertsema et al. (2023a) 

EOBSv26e  

 

Version 26.0 e of the E-OBS dataset; the historical meteorological data 

used for the KNMI WG in this report 

KNMIô23 

DFCs  

DFCs derived from hydrological / hydraulic simulations based upon the 

KNMIô23 scenarios 

HR2006 The historical reference DFC from Geerse (2006) ï providing the extreme 

value statistics without accounting for upstream flooding. This DFC is 

based on statistical analysis of measurements.  

Geerse2016 The historical DFC, where a correction has been made to account for 

upstream flooding (Geerse, 2016). 

Geerse2017 The historical DFC, with the above correction for upstream flooding and 

integrated uncertainties. 

Buitink2025 

DFC 

The hydraulic DFC based on the Geerse hydrological DFC, converted by 

using the SOBEK regression, constructed in this study 

van den 

Boogaard en 

Bouaziz 2016 

DFC 

The historical DFC used by van den Boogaard and Bouaziz (2016) as 

reference for the KNMIô06 projections. 
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Definition  Explanation  

Hydraulic 

GRADE1.0 

DFC 

Derived from the Annual Maxima obtained with SOBEK3-1D2D by running 

the flood waves in GRADE-Vecht 1.0 

Hydrological 

GRADE1.0 

DFC 

DFC derived from the Annual Maxima of the hydrological model 

HBV96/SOBEK-1D GRADE-Vecht 1.0 
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1 Introduction 

In October 2023 the Royal Netherlands Meteorological Institute (KNMI) released the new 

generation of the KNMI climate scenarios for the Netherlands and the major rivers entering 

the Netherlands. These KNMIô23 scenarios are the successor of the KNMI'14 climate 

scenarios. Rijkswaterstaat Water, Verkeer en Leefomgeving (RWS WVL) requested Deltares 

and KNMI to assess the implications of the KNMIô23 climate scenarios for the extreme 

discharge statistics of the rivers Rhine, Meuse and Overijsselse Vecht in a collaborative 

effort. In 2024 a first report was published which focused on the future changes in low to 

medium discharges of the rivers Rhine and Meuse (Buitink et al., 2024a).  

 

This second report specifically focusses on the assessment of the impact of future climate 

change on the statistics of discharge extremes. This study has also resulted in an updated 

discharge extremes for the current climate. These extreme discharge projections are relevant 

for the design of the flood defences in The Netherlands. The report presents the discharge 

statistics in the form of discharge frequency curves (DFCs) calculated with GRADE 

(Generator of Rainfall And Discharge Extremes), in Dutch usually called ówerklijnenô. These 

can be used in preparations for flood defence management, amongst which the use of the 

Assessment and Design Toolbox (in Dutch: Beoordelings- en Ontwerp Instrumentarium, in 

short BOI) used for the design of primary flood defences in the Netherlands.  Figure 5 

provides an overview of the different components of GRADE, starting with the Rainfall 

Generator, then the hydrological and the hydrodynamic models and finally the derivation of 

the discharge frequency curves and flood hydrographs. All steps will be explained in more 

detail later in this report. 

 

 
Figure 5 Overview of the different components of GRADE and their inter-relations 

 

Throughout this report, the ówerklijnenô will be referred to with the English term ódischarge 

frequency curvesô, in short DFC. The report provides the technical background and methods 

and presents the resulting discharge frequency curves (DFCs). 

It is beyond the scope of this report to make any selection of DFCs for policy making. Further 

interpretation and/or selection for the policy process needs to be covered in a follow-up 

trajectory by Rijkswaterstaat WVL and/or the Ministry of Infrastructure and Water 

Management. 

 

In this report the discharge statistics are presented for the Overijsselse Vecht at Dalfsen. 

Similar reports are available for the Rhine at Lobith and Meuse at Borgharen. 
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The report focusses on the changes in discharge statistics and does not elaborate on 

possible consequences for flood risk management.  

1.1 Objectives 

The main objectives of this assessment are: 

 

Å The analysis of the effects of future climate change on extreme discharge statistics in the 

Vecht River basin in accordance with the recently released KNMIô23 climate scenarios; 

 

Å The presentation of the resulting future discharge frequency curves (DFCs) and flood 

hydrographs for the Vecht at Dalfsen. 

 

Reading guide  

Chapter 2 introduces and explains the methods applied to derive the discharge frequency 

curves for the current climate and future climate scenarios. This chapter provides information 

on the rainfall generator, the construction of climate scenarios, the hydrological and 

hydrodynamic models and the overall workflow. In chapter 3, the results of all intermediate 

steps and the final DFCs and statistics are presented. This chapter also provides a 

comparison between the extreme discharge statistics obtained in this study for the KNMIô23 

scenarios and the extreme discharge statistics derived from the KNMI'06 scenarios (Van den 

Boogaard & Bouaziz, 2016). In Chapter 4 the flood hydrographs are presented. Chapter 5 

provides several discussion points and future recommendations for the methods applied. 

Finally, the main conclusions are presented in Chapter 6. 

 

The report is completed with a number of appendices. These are included to give a complete 

picture of the intermediate steps and motivation for important choices made in the 

preparations for this report. 

 

N.B. The application of the results for the Hydraulic Loads (Hydraulische Belastingen) will be 

covered by a follow-up trajectory within the BOI project by the Ministry of Infrastructure and 

Water Management. 
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2 Methods 

2.1 Introduction of GRADE 

To translate the climate change signal of the KNMIô23 scenarios into projections of future 

extreme discharges the GRADE instrument is used. GRADE stands for Generator of Rainfall 

And Discharge Extremes. The GRADE implementations for the Rhine and Meuse have been 

developed in the past decade(s). Yet, the GRADE instrument for the Vecht was only 

published and released in 2023 (Geertsema et al., 2023a).  

 

 
Figure 6: Overview of the different components of GRADE and their inter-relations 

GRADE consists of four components. A short description of each component is given below 

(see also Figure 6 for the schematic overview of the different GRADE components). The 

remainder of chapter 2 provides a detailed description of the different components of GRADE 

and the extreme discharge analysis. 

 

Component 1: Stochastic rainfall generator 

The stochastic rainfall generator is based on nearest-neighbour resampling and produces 

rainfall, temperature and potential evaporation4 timeseries of 50.000 years that preserve the 

statistical properties of the original (much shorter) series for the current and future climate. 

For deriving the climate change signal of the KNMI'23 scenarios in this study we work with 

the Vecht WG of GRADE-Vecht 1.0 (Geertsema et al., 2023a).  

ðððððððððððððð 
4 In the WG, and throughout this report, potential evaporation (or PET) refers to the Makkink evaporation that is 

obtained with the Makkink formula which is based on global radiation (= incoming solar radiation) and temperature 

(Makkink, 1957). 
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Component 2: Hydrological model  

In GRADE-Vecht 1.0, the hydrological simulations are still made with the HBV96 model (in 

Swedish: Hydrologiska Byråns Vattenbalans-avdelning - Lindström st al., 1997), developed 

by the Swedish Meteorological and Hydrological Institute (SMHI). HBV96 is a so-called semi-

lumped model. The HBV96 model for the Vecht was implemented in the context of the POV-

Vecht (Project Overstijgende Verkenningen-Vecht; Botterhuis et al., 2020; Jungermann et al., 

2012 and Jungermann, 2018). Discharges for all KNMIô23 scenarios have been simulated 

with the HBV96 model. At the time the GRADE-Vecht simulations were carried out, no 

wflow_sbm model was yet available for the Vecht. 

 

Component 3: Hydrodynamic routing  

For the hydrodynamic routing of the flood waves through the main river Vecht, a SOBEK3-1D 

model has been implemented. The upstream boundary conditions of the SOBEK3-1D model 

are taken from the HBV96 simulations for the Ohne river and other tributaries, breaches and 

canals. The potential flooded area is modelled using SOBEK3-1DSOBEK3-1D2D on a 

regular grid.  To reduce the computation time, a selection of annual maxima has been 

simulated with SOBEK3-1D2D. Based on the simulation results a regression was derived 

between SOBEK3-1D2D and SOBEK3-1D.  This was done based on simulated flood waves 

for the reference climate and the most extreme KNMIô23 scenario. The regression is used to 

convert all hydrological maxima from HBV95/SOBEK3-1D into hydrodynamic maxima (see 

Section 2.4.5.1). 

 

Component 4: Post-processing and derivation of Discharge Frequency Curves 

The simulated discharge timeseries are post-processed (selecting and ordering of the annual 

discharge maxima at Dalfsen) to obtain the DFCs. This is done both for the current climate 

and future climate based on the KNMI'23 climate scenarios. Changes in discharge extremes 

are calculated for a large set of return periods. 

 

2.2 KNMIô23 climate scenarios 

 

2.2.1 Selected climate scenarios  

The KNMIô23 climate scenarios are based on the international climate scenarios from the 

Intergovernmental Panel on Climate Change (IPCC; IPCC, 2021). These future climate 

projections are formulated around Shared Socioeconomic Pathways (SSPs), which are 

scenarios of projected socioeconomic global changes given in Figure 7. The lower SSP 

numbers represent more sustainable developments and a larger number of implemented 

climate mitigation measures, whereas SSP5 represents a continuation of former practices 

leading to the highest greenhouse gas emissions and most severe impacts of climate 

change. 
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Figure 7 Shared Socioeconomic Pathways mapped in the challenges to mitigation/adaptation space (copied 

from OôNeill et al., 2017). 

 

The full scenario names are identified by a name of the form SSPx-y, where SSPx is the 

socioeconomic pathway used to model the scenario (as displayed in Figure 7) and y is the 

so-called óradiatative forcingô (in W/m2) resulting from the greenhouse gas emissions under 

the socio-economic scenario in the year 2100. The higher the greenhouse gas concentrations 

in the atmosphere the larger both the radiative forcing and the temperature increase (IPCC, 

2021). For the KNMIô23 scenarios the pathways SSP1-2.6 (L - low), SSP2-4.5 (M - moderate) 

and SSP5-8.5 (H - high) are used.  

These emission paths are in the KNMI'23 scenarios respectively denoted with L-, M- and H-

scenario.  Detailed information on the definition and background of each scenario can be 

found in Van Dorland et al. (2024). 

2.2.2 Subdivision in dry - and wet -trending GCM groups  

For the construction of the KNMIô23 scenarios, KNMI used a set of 33 CMIP6 GCMs that 

were selected based on current and future climate data availability as a starting point. The 

spread in the climate response resulting from this 33 member GCM ensemble is relatively 

large for the precipitation response. It was therefore decided to represent this relevant 

uncertainty with two distinct scenario variants. For this the 11 GCMs were selected that have 

the largest precipitation reductions4 in winter, summer and on an annual basis. This denotes 

the ódry-trendingô group. The 11 GCMs that have the largest precipitation increases form the 

ówet-trendingô group (see Figure 8). There are thus also 11 GCMs which are not used. These 

are the GCMs in Figure 8 which are positioned between the two vertical dashed lines. 

 

The dry- and wet-trending GCM groups form the basis for respectively the dry and wet 

KNMI'23 climate scenario variants. In the construction of the climate scenarios meteorological 

conditions of relevance for the hydrological extremes were included such as multi-day rainfall 

extremes and catchment average meteorological conditions (see Section 2.2.3).  

 

For this assessment of the impacts on high discharge extremes, only the wet scenarios are 

considered. This because it is computationally not feasible to run the entire modelling chain 

for all scenarios. For the Rhine the difference between the dry and wet scenario variants was 

analysed for the future 2100H scenario only (see Buitink et al., 2025). From this analysis it 

can be concluded that the dry variant (Hd) consistently results in lower discharge extremes 

than the wet scenario (Hn) variant.  
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Selecting only the wet scenarios that results in the largest discharge increases is a risk 

averse approach, since the wet and dry scenarios are both plausible but the wet scenario 

results in the highest discharge extremes. 

 

 
Figure 8 CMIP6 model projections of normalised precipitation change ȹ PR) in NL+ the Rhine and Meuse 

basins for SSP5-8.5 in 2100. Shown are the change values obtained by averaging the summer (JJA), Winter 

(DJF) and annual changes. Vertical dashed lines show the separation of the 33 models into three groups of 

11 models. Colours indicate the wetness (from orange = dry to dark blue =wet). The seasonal precipitation 

changes are normalised by subtracting the mean and dividing by the standard deviation of the 33 changes. 

[Source: Van Dorland et al., 2024]. 

2.2.3 Resampling procedure to obtain the required regional climate change signals from EC -

Earth  

From the original set of 16 x 30-year EC-Earth members (for each SSP and future period), 

KNMI constructed new sets of 8 members (for the same 30-year future periods and SSPs) 

based on resampling of (blocks of) years from the original set of 16 members. An example of 

such a resampling (for SSP5-8.5. 2100, and the climate response for the dry-trending group) 

is schematically shown in Figure 9.  

The idea behind this resampling is that the relevant average climate responses from the 11 

GCMs that represent e.g. the dry-trending group are reproduced by a set of timeseries 

simulated with the EC-Earth model. The resampling matches a number of relevant 

constraints obtained from the 11 GCMs (either from the wet- or the dry-trending group of 

CMIP6 GCMs) in the best possible way, i.e. by selecting those time periods (typically blocks 

of a number of years) from the EC-Earth ensemble that best represent those constraints.  

KNMI defined 18 different óconstraintsô that are all 18 applied for all applications in the 

remainder possible modelling and impact chains. Ten constraints are for the changes in 

seasonal and annual mean precipitation, both for the Netherlands (NL) and for the area 

consisting of the Netherlands plus the upstream catchments of the Rhine (including Vecht 

catchment) and Meuse rivers (NL+RM). Five constraints involve the changes in seasonal and 

annual mean temperature for the Netherlands. Two constraints are for changes in the water 

balance in the NL+RM area (cumulative difference between potential evaporation and 

precipitation), one for the period April ï May and one for the period May ï September. The 

final constraint is the change in the once in 10-year annual 10-day maximum precipitation 

over the NL+RM domain. This latter constraint is a relevant indicator for large river 

discharges. It was intentionally added by KNMI as a relevant constraint with the derivation of 

(extreme) river discharge scenarios based on KNMI'23 in mind. Note that such a constraint 

was not used in the resampling procedure used in KNMI'145 (which also differed in more 

aspects).   

 

The motivation for the resampling procedure can be found in Van Dorland et al. (2024; 

Section 2.1.6). The details of the constraints (including the applied tolerances for each 

constraint in the resampling procedure) are given in the same report in Section 2.1.8 in Van 

Dorland et al. (2024). 

 

ðððððððððððððð 
5 KNMI2014 was not used to determine official Flood Discharge Curves for Flood Defenses. 
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Figure 9 Schematic image of the original 16-member EC-Earth3 p5 ensemble dataset, b) schematic image of 

a resampled dataset (SSP5-8.5 2100, dry-trending group, future period). Displayed numbers and colours refer 

to the ensemble member of the original ensemble dataset [Source: Van Dorland et al., 2024] 

 

2.2.4 Dynamical downscaling ( EC-Earth3  - RACMO) 

Global Climate Models (GCMs) such as EC-Earth3 have a course spatial resolution (~50 km) 

and therefore underrepresent the effects of land-sea changes and orography (e.g. of the 

Alps). A standard way to improve this is to downscale the GCM results with a RCM (Regional 

Climate Model). In KNMI'23 the selected and resampled 8 EC-Earth3 ensemble members are 

downscaled to a resolution of 12 km x 12 km with the RCM RACMO v2.3 (Van Meijgaard et 

al., 2012). For KNMI'23 a somewhat adapted version of RACMO is used (see Van Dorland et 

al., 2024, Section 2.4). All climate scenario results published and timeseries made available 

to end-users representing the KNMI'23 climate scenarios are also based on the downscaled 

(and resampled) RACMO results. So, any KNMI'23 climate scenario end-product, from tables 

to timeseries is ultimately obtained from resampled EC-Earth3 timeseries downscaled with 

RACMO. 

2.2.5 Overview of scenarios considered in this study  

Future changes in river discharge extremes are assessed for the ñscenario ï time-horizonò 

combinations listed in Table 3. The climate scenarios are derived for the future time-horizons 

2050, 2100 and 2150. 

 

For the L scenario KNMI provided only one scenario that is representative for the time-

horizons 2050, 2100 and 2150, because under this scenario the climate shows little variation 

over time. 
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Table 3 Overview of the different scenarios and their names. The EOBSv26e meteorological dataset is used 

in the WG as reference. 

Time horizon  Low (SSP1 -2.6) Moderate (SSP2 -4.5) High (SSP5 -8.5) 

2050 (2036 - 2065) Ln           2050Mn 2050Hn 

2100 (2086 - 2115) 2100Mn 2100Hn 

2150 (2136 - 2165) 2150Mn 2150Hn 

2.3 Construction of long synthetic meteorological timeseries for KNMIô23 
climate signals with GRADE 

2.3.1 The KNMI rainfall generator  for the Overijsselse Vecht  

The KNMI rainfall generator (denoted interchangeably with WG or RG) methodology is 

already in use for several years and part of the GRADE instruments (the first component) 

from the start of GRADE. It is based on nearest neighbour resampling (Buishand and 

Brandsma, 2001). In the nearest-neighbour method meteorological variables such as 

precipitation and temperature are sampled from the historical data simultaneously and with 

replacement. To incorporate the day-to-day dependence (in meteorological terms: the 

persistence of the weather), resampling depends on the simulated values for the previous 

day. Therefore, the WG first searches the days in the historical record that have the similar 

characteristics as those of the previously simulated day. One of these nearest neighbours is 

selected randomly and the observed values for the day that comes after that nearest 

neighbour day are adopted as the simulated values for the next day in the simulation.  

 

A feature vector (or state vector) is used to find the nearest neighbours in the historical 

record. The feature vector is formed out of a small number of summary statistics of 

(standardized) weather variables, such as e.g. the areal mean precipitation and temperature 

for that day. The nearest neighbours are those historical days that have the shortest 

(weighted) Euclidean distance to the last day in the simulation. The nearest neighbours are 

ordered based on their Euclidean distance. One nearest neighbour of only a small number of 

nearest neighbours (typically around 10) is finally selected. The selection is random and 

makes use of a discrete probability distribution (also referred to as kernel). The decreasing 

kernel by Lall and Sharma (1996), which gives a larger chance of being selected to the closer 

neighbours, is used.  

Apart from constructing a feature vector, the corresponding feature vector weights used in the 

Euclidean distance, the number of nearest neighbours and the width of the (moving) window 

of the calendar days around the calendar day that must be simulated have to be determined. 

The weights are (as always) taken inversely proportional to the variance of the feature vector 

elements (to correct for the effect of the different 'scalesô of e.g. precipitation and temperature 

in calculating the Euclidean distance). 

 

The number of nearest neighbours is set to 10 and the window width to 61 days (30 days 

around the calendar day to be simulated). The feature vector consists of 4 elements: the 

mean (daily) precipitation in the basin, the mean (daily) temperature in the basin, the daily 

spatial fraction of precipitation, and a 3-day precipitation memory term (in short 3-day 

memory). The latter is shorter than the memory term for the Rhine. 

2.3.2 Creating the reference meteorological WG time series  

The WG simulates gridded daily precipitation, temperature and global radiation based on the 

EOBSv26.0e dataset. Precipitation and temperature are actively simulated with the WG. 
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Global radiation is passively6 simulated with the WG. From the WG-simulated global radiation 

and simulated temperature the potential evaporation (PET) is calculated using the Makkink 

formula. The gridded E-OBSv26.0e dataset for the 1951 - 2015 period is used to represent 

the historical climate for WG-Vecht. With these gridded historical data and the WG settings 

described in the previous subsection a 50.000-year gridded timeseries is simulated that 

serves as the reference.  

2.3.3 Timeseries  transformation  

The synthetic 50.000-year future climate timeseries that are input for the GRADE simulations 

of the future discharge scenarios are obtained by transforming the daily values of the 50K-

year timeseries for the historical climate (used as reference) generated with the WG 

described in Section 3.3.2 to 50K-year timeseries of daily values representative of the future 

climate using the timeseries transformation method. The application of the TT method in 

GRADE-Vecht 1.0 is schematized in Figure 10. 

 

ðððððððððððððð 
6 Actively simulated means that these data (precipitation and temperature) determine which day is simulated next in 

the WG-resampling procedure. Passively simulated data, such as global radiation, does not determine the next day, 

but is simulated as being the global radiation on that next day (it simply ófollowsô the selected next day and is 

therefore denoted as ópassiveô, in contrast to the óactiveô data that ódeterminesô the selected next day).WG 
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Figure 10 Schematic overview of the steps to produce the 50.000-year meteorological timeseries for the 

climate scenarios. The step to derive the KNMIô23 climate signals is described in more detail in the text below. 

 

In this study the necessary climate change signal for each KNMIô23 climate change scenario 

is obtained from the bias-corrected resampled RACMO timeseries and makes use of a 

technique called quantile mapping, see Van Dorland et al. (2024), Section 2.5.1. The 

procedure works as follows: 

 

1. Start with the 50K-year reference WG simulation for the current (historical) climate with 

the WG described in section 2.2.3. 

 

2. The KNMIô23 climate change signal used in the timeseries transformation is determined 

in terms of changes in (a large number of) quantiles of each relevant meteorological 

variable (i.e. each variable that is represented in the WG):  
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Derive from the control climate (240-yr bias-corrected resampled RACMO timeseries for 

the reference climate) and from the future climate corresponding with a climate scenario 

(240-yr bias-corrected resampled RACMO timeseries for the scenario climate) for each 

relevant meteorological variable, for every grid point, for every calendar month the 

quantiles for that variable. The KNMIô23 climate change signal (for a particular climate 

scenario) then consists of the differences between the quantiles for the control and future 

climates (for each variable, grid cell (i.e. location) and calendar month). Depending on the 

type of meteorological variable these differences between quantiles can be either 

absolute or relative (for temperature typically absolute, i.e. in °C and for precipitation 

typically relative, i.e. in %, see Van Dorland et al. (2024), Section 2.5.1 for details). 

 

3. From 1., i.e. the reference WG simulation for the current climate (50K-year), determine 

for each simulated day and each variable (for a grid cell) the corresponding quantile, and 

óaddô to its value the corresponding quantile change (for that variable, grid cell and 

calendar month) as determined in step 2. This produces for each simulated WG day a 

transformed day representative of the future (i.e. a day for which all the meteo variables 

are transformed to the future climate represented by the climate scenario). By applying 

this to every simulated day in the WG timeseries this results in a WG timeseries of 50K-

year representative for the future climate 

 

4. Steps 2 and 3 are repeated for all the wet KNMIô23 climate scenarios using the reference 

WG simulation from step 1.  

  

This results in 50K-year WG (Vecht) timeseries for the historical and the future climate 

corresponding to the KNMIô23 climate scenarios. Figure 11 Figure 11 presents as an 

example return level plots of the maximum 3-day precipitation per year over the Vecht basin 

for the 50K-year reference WG simulation (black lines) and for the 50K-year future WG 

timeseries for 6 different KNMIô23 climate scenarios (red lines) using timeseries 

transformation7. Note, that the vertical scale is not the same in all panels, but the black lines 

(and dots) are. All futures are systematically wetter than the reference (in terms of maximum 

3-day precipitation amounts).  

 

 

ðððððððððððððð 
7 Note that the downward curvature of the 3-daily extremes is probably an artefact of the resampling on 

a daily basis, which limits the maximally possible 3-daily precipitation amounts (the 3-day amount can 

never be higher than 3 times the highest daily amount in the observational dataset). 



 

 

 

24 of 81  Implications of the KNMI'23 climate scenarios for the extreme discharge statistics of the 

Overijsselse Vecht 

11211569-000-ZWS-0001, 3 March 2026 

 
Figure 11: Return level plots of the 3-day Calendar-year (CY) precipitation amount over the Vecht basin for 

the resampled historical record (black) and for 6 different KNMI'23 climate scenarioôs (red). The black dots 

represent the 65 annual maxima of the historical 1951-2015 period (based on E-OBSv26.0e). Note that the y-

axes have different scales. 
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2.4 Generating extreme discharge statistics for the KNMIô23 scenarios 

2.4.1 The Vecht river basin  

The (Overijsselse) Vecht river has a length of 177 km and flows through Germany and the 

Netherlands in a catchment area of 3800 km2 (2100 km2 in the Netherlands and 1700 km2 in 

Germany; Deltares, 2016). The elevation difference between the highest and lowest point of 

the catchment area is 185 meters. The Vecht is a typical rainfed river with a widely varying 

discharge: in the summer a discharge of only a few m3/s can occur, while in the winter 

months a discharge of 100 to 200 m3/s is not unusual. In the 19th century, the river played an 

important role for shipping, although the river was only navigable in the wet months (October 

to April). In 1908, the Dutch part of the river was canalized and many bends were removed, 

reducing the length of that part of the river from 85 km to 60 km. River flow is regulated with 

weirs at various places in Germany and the Netherlands for operational management during 

average and low flows. The duration of a discharge wave through those 60 km is 

approximately 14 hours (Moll and Crebas, 1989). This report focusses on the climate 

projections for Dalfsen where there is a uniform cross section at location of the measurement 

station. 

 

2.4.2 Overview of the m ethod to come from synthetic WG timeseries to discharge frequency 

curves  

The workflow schematization (Figure 12) displays the detailed steps in the hydrological and 

hydraulic modelling workflow of GRADE-Vecht1.0 as well as the subsequent statistical 

processing. The end results of all the steps in the modelling workflow are discharge 

frequency curves and flood hydrographs for the KNMIô23 climate scenarios. 
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Figure 12 Detailed schematization of the part of GRADE-Vecht1.0 used to convert the WG timeseries into 

discharge statistics. The ovals represent model simulations, rectangles data/timeseries, hexagons (python) 

scripts. The purple HR2006 DFC box represents the HR2006 discharge frequency curve without flooding. The 

ñGRADE regressionò represents the regression to discharges with flooding (from SOBEK3-1D to SOBEK3-

1D2D). 

 

For the historical climate, the HR2006 DFC (Geerse, 2006) is used as the original reference 

hydrological DFC. This DFC is derived from discharge observations and not based on 

synthetic or simulated timeseries. The GRADE-Vecht1.0 hydraulic models for the Vecht are 

used to transfer this hydrological DFC into a hydraulic DFC. Hereto the regression between 

the SOBEK3-1D and SOBEK3-1D2D discharge maxima simulated with the SOBEK models in 

the GRADE-Vecht1.0 setup is used (Geertsema et al., 2023a, 2023b). In this way, the 

resulting DFCôs account for upstream flooding using the physically based model (as used in 

GRADE-Vecht1.0).  
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To generate the future climate change signals, hydrological simulations are performed for all 

available 50000-year future climate scenario timeseries and also the historical time-series 

from the WG, using the combination of the HBV96 and SOBEK3-1D model. After this, the 

hydrological annual maximum discharge values are extracted for each of the 50000 years. A 

Weissman fit is used to (1) smooth the most extreme discharge values, and to (2) make it 

possible to extrapolate to return periods higher than 1/50000 year. Next, the return periods 

associated with the resulting values are adjusted based on the Langbein relation (see for 

further explanation Buitink et al., 2025). The resulting hydrological GRADE-Vecht 1.0 DFCs 

for the historical climate and all climate scenarios are used to calculate for each scenario the 

multiplicative climate change signal (a so-called relative delta change, but then for the 

hydrological discharge extremes) for a large set of return periods. This results in a set of 

multiplicative climate change factors, derived from the simulated discharge maxima, that are 

than used to transfer the HR2006 DFC into equivalent future KNMIô23 hydrological DFCs. 

 

Then, the hydrological GRADE-Vecht 1.0 DFCs for all climate scenarios are converted into 

the final hydraulics-based KNMIô23 GRADE-Vecht 1.0 DFCs using the regression between 

SOBEK3-1D and SOBEK3-1D/SOBEK3-1D2D. 

 

In a final step the integrated uncertainty is included to derive the ñuitgeintegreerde 

werklijnenò, for a further explanation see section 2.6. 

 

To obtain flood hydrographs, a selection of the HBV96-SOBEK3-1D flood waves (>380 m3/s) 

for the historical climate and the most extreme climate scenario (2150Hn) are also simulated 

with the SOBEK3-1D2D model (see section 3.4.5). From these simulations, the flood 

hydrographs for different discharge classes are retrieved. 

 

Each step described above (and shown in Figure 12) is explained in more detail in the 

sections below. We start with the introduction of the HR2006 DFC that has been statistically 

derived from discharge observations (2.4.3). After that the components of the GRADE-

Vecht1.0 instrument are introduced. First, a description of the models is provided (2.4.4). This 

is followed by the steps required to produce the discharge frequency curves for all the climate 

scenarios and current climate (section 2.4.5 and 2.4.6) including the uncertainties (2.5 and 

2.6), followed by the methodology to derive the flood hydrographs (section 2.7). 
 

2.4.3 Description of the historical D ischarge Frequency Curves  

 

The HR2006 DFC of Geerse (2006) will be used for the historical climate. This DFC is based 

on statistical extrapolation of observed discharges, the used observed time-series only 

contain a very limited number of extremes. The extrapolation to higher discharge values does 

not account for (1) potential flood losses upstream of Emlichheim and (2) the physical 

maximum discharges of the small tributaries of the Vecht. Taking these two factors into 

account would most likely lead to a decrease of the discharge extremes for higher return 

periods. 

In Geerse et al. (2017), a pragmatic approach is introduced to account for these two factors 

and to translate the hydrological discharge extremes into hydraulic discharge extremes. 

Jungermann and Horn (2016) identified the potential flood retention areas along the Vecht in 

Germany and included these in SOBEK3-1D model simulations. Yet, the simulations of 

Jungermann and Horn (2016) do not account for flooding in the smaller Dutch tributaries.  

The discharge at our point of interest - Dalfsen - is composed of the sum of the discharge at 

Emlichheim and the discharge from the small Dutch tributaries. The ratio between those two 

is approximately 1:1.  
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In Geerse (2017), the pragmatic assumption is made that, if this ratio in absolute discharge 

values is 1:1, then the flood losses along the tributaries will also equal the flood losses 

upstream of Emlichheim. The resulting DFCs are plotted in Figure 13. We continue working 

with the HR2006 DFC (solid blue line) that is not corrected for upstream flooding as a 

reference on which the climate change signals are applied. This is because the method of 

Geerse to come to the hydraulic DFC relies on several assumptions, whereas by now in 

GRADE-Vecht 1.0 upstream flood losses and hydraulic routing are simulated with the 

SOBEK3-1D2D model. 

 
Figure 13:Effect of flooding along the river Vecht, accounting for flood losses upstream of Emlichheim and in 

the smaller Dutch tributaries [Geerse et al., 2017).  

 

With the SOBEK3-1D2D model that is implemented in GRADE-Vecht1.0 we now have a 

physically-based model that accounts for both flood losses upstream of Emlichheim and 

along the Dutch tributaries. The combination of the flood waves from the SOBEK 1D model 

and the flood waves from the SOBEK3-1D2D are used to derive a quantitative regression 

between the hydrological and hydraulic discharge extremes.  

This regression is used to convert the HR2006 DFC (solid line in Figure 13) into a ñhydraulicò 

DFC (which takes the effects of flooding into account) that will in the remainder of the report 

be used as reference and named Buitink2025 hereafter. The Buitink2025 DFC could also 

potentially be used in BOI for the current climate. 

 

2.4.4 Model descriptions  

2.4.4.1 Hydrological model ï HBV96 

The HBV96 model for the Vecht is a semi-distributed model, consisting of 15 catchments which 

are further divided into 36 sub-basins, as shown in Figure 14. Simulated outflows from the 

HBV-catchments are used as input at the upstream boundary nodes of the SOBEK3-1D model.  
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Figure 14: Overview map of the basins of the Vecht. The coloured areas represent the 15 sub-basins. The 

black lines within the boxes represent the sub-basins considered. 

 

2.4.4.2 Hydrodynamic model ï SOBEK3-1D2D model set-up 

 

For the Vecht, both a SOBEK3-1D and SOBEK3-1D2D model exist. The 2D part of the model 

was more recently developed and coupled to the 1D model (see for more details Geertsema 

et al. (2023b)) for the simulation of the highest flood waves (>380 m3/s). Figure 15 shows the 

branches (blue) and nodes (green) of the 1D model. At the upstream boundary nodes (green 

circles with yellow dots) the upstream inflows from the Ohne (Vecht) and the other tributaries, 

breaches and canals calculated by HBV are taken as inputs.  

 

The potential flooded area is modelled in 2D on the regular grid with a resolution of 200m. 

Along the Vecht up to a distance of approximately 3 kilometers a flexible mesh has been 

implemented to correctly represent the irregular lines of the river, dikes and structures. Figure 

15 also shows the 2D model extend (colored area). Sensitivity tests have shown that even for 

extremely high flood waves only very limited flooding occurs, flattening of the DFC will thus 

be limited. 
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Figure 15: 1D2D model mesh for the óbinnendijksô area of the Overijsselse and German Vecht. Dark blue lines 

= river axis 1D model, colored area = calculation domain of the 2D model. The colors indicate the terrain 

height. The green dots with white circles are the boundary conditions, both the downstream and upstream 

boundary conditions, but the large tributaries and the dike breaches. The green dots are connection nodes 

and ensure that the tributaries and the dike breaches are correctly linked to the Vecht (source: Geertsema et 

al. (2023b)) 

 

2.4.5 Processing of model results  

 

2.4.5.1 Regression between SOBEK3-1D2D and HBV96/SOBEK3-1D annual maxima 

Running the SOBEK3-1D2D model is computationally very intensive. Therefore, it is not 

feasible to run all flood waves from the 50.000 years timeseries for all scenarios with 

SOBEK3-1D2D. Instead, a regression between HBV96/SOBEK3-1D2D and the combination 

HBV96/SOBEK3-1D, was developed (see Figure 16) to transform the HBV96/SOBEK3-1D 

annual maxima to the corresponding SOBEK3-1D2D model outcomes. This regression is 

based on all events in the current climate (EOBSv26e, see 3.3.4) and 2150Hn (as being the 

most extreme) with peak discharges > 380 m3/s, as this is just below the threshold where 

effects of flooding are expected. This selection resulted in a total of 6769 events that were 

simulated first with both HBV/SOBEK3-1D and after selection with SOBEK3-1D2D to enable 

the regression. This regression is applied to convert the HR2006 DFC into its hydraulic 

equivalent.  

To find a regression between HBV96/SOBEK3-1D and SOBEK3-1D2D, the following steps 

were followed:  

 

Å Calculate discharges for a large set of flood waves using HBV96/SOBEK3-1D and 

SOBEK3 1D2D.  

Å Plot the HBV96/SOBEK3-1D and SOBEK3 1D2D results (see Figure 16). 

Å Fit a LOESS function8. This function is later used to determine the so-called ñsuperò 

points to fit the regression formula.  

ðððððððððððððð 
8 LOESS (LOcally Estimated Scatterplot Smoothing) provides a means for one-dimensional smoothing via robust 

locally-weighted regression.  The LOESS package available in Python was used here. With the application in this 

context we manage to derive a reliable continuous regression between the SOBEK simulations with an without 1.00 

metres dike increase. 
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Å Fit a regression formula, based on the LOESS function. The values in Table 4 describe 

the relation between SOBEK 1D discharges (without effects of flooding) and SOBEK 

1D2D discharges (with effects of flooding). 

 

It should be noted that the number of points in the tail of the distribution (i.e. for very large 

discharges) is still very limited, the final points are positioned a bit below the DFC. Figure 16 

shows that the influence of extreme flooding, causing the flattening of the DFC, is much less 

than it was based on the assumptions made in Geerse (2016). 

 

 
Figure 16: The regression between HBV96/SOBEK_1D and SOBEK3_1D2D (blue line) 

Table 4: Regression between 1D discharges and 1D2D discharges, as presented in the figure above 

1D discharge  

(without flooding)  

1D2D discharge  

(with flooding)  

350 350 

375 375 

380 378 

400 398 

425 421 

450 445 

475 468 

500 490 

525 511 

550 531 

575 545 

600 556 

625 572 
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1D discharge  

(without flooding)  

1D2D discharge  

(with flooding)  

650 595 

675 621 

700 640 

725 656 

750 669 

775 682 

800 695 

825 707 

850 717 

875 728 

900 737 

925 747 

950 757 

975 766 

1000 776 

1025 786 

1050 796 

1075 805 

 

2.4.6 Deriving the discharge frequency curves  

2.4.6.1 Combined HBV96/SOBEK3-1D simulations 

 

To perform simulations of 50000 years, representing either the historic climate or one of the 

climate scenarios, it was undesirable to work with a continuous timeseries of 50000 years. 

Such a long continuous timeseries could add additional trends when compared to a period of 

30 years, where, for example, a warmer climate could accumulate to an increased depletion 

of long-term water storages such as (deeper) groundwater. To prevent this, the 50000-year 

period was split into 1667 blocks of 30 years. This means that each climate scenario (both 

the historic climate and the different future time horizons) was run with 1667 parallel 

simulations of HBV96/SOBEK3-1D. To ensure realistic initial conditions and to avoid, non 

realistic propagating influences over time, we used the approach of Buitink et al. (2024a). 

See also Appendix A for a presentation of this approach.  

From the HBV96/SOBEK3-1D simulations, the annual maxima were selected using 

hydrological years (starting in October ending in September). This has the additional benefit 

that the first months of each simulation are ignored, as these are not yet considered part of a 

hydrological year. This results in 29 annual maxima per block of 30 years , which combined 

with the 1,667 blocks results in a total of 48,343 annual maxima values. 
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2.4.6.2 Weissman fit 

The extreme value distribution is very sensitive in the highest discharge range. This results in 

large uncertainties for high return periods. To reduce the uncertainty Hegnauer and Van den 

Boogaard (2016) suggested the use of the exponential version of the Weissman fit for fitting a 

reliable extreme value distribution.  

 

This can be done by deriving a three-parameter fit version of a GEV, but in general this leads 

to an overestimation of the extrapolated discharges. To reduce this effect, the shape 

parameter of the extreme value fit can be fixed beforehand. For the derivation of the value of 

this fixed shape parameter value, the jackknife runs that were earlier generated for estimating 

the rainfall generator uncertainty are used. In this way we can consider a large amount of 

data for a robust derivation (see Hegnauer et al., 2023). In an iterative approach, the shape 

parameter value is optimized by fitting the GEV distribution to the separate and combined set 

of jackknife runs (see for a more detailed description of the approach appendix B).  

 

Once the GEV fit is optimized and the shape parameter is fixed to its optimal value, the fit is 

rather insensitive to the block size T as long as T is between 100 and 2000 years. The 

average of all jackknife fits corresponds well with the reference line for T = 200. Therefore, 

T=200 is chosen as block size for the Weissman fit, with for the Vecht a shape parameter of 

0.0427. We assume that the GEV shape parameter remains unchanged under climate 

change. This assumption is reasonable as the shape parameter can be seen as a 

convolution of the shape parameter for the distribution of extreme precipitation and the 

hydrological response of the basin. There is evidence that the shape parameter of (the 

distribution of) extreme precipitation is related to physical processes that cause the 

precipitation (Wilson & Toumi, 2005), it should be noted that this could potentially change in 

the future climate. Also, the hydrological response can be assumed to be unchanged. 

 

2.4.6.3 Langbein relation 

The GRADE-Vecht1.0 workflow uses the annual maxima (AM) method to select peaks from 

the discharge time-series for the derivation of the GEV distribution. The use of the AM 

method was preferred over the peak over threshold (POT) method as it is consistent with the 

method applied in GRADE3.1 for the Rhine and Meuse. Differences between the two are only 

observed for the lowest return periods. The POT method in general considers more peaks for 

the high frequency part of the statistics. I.e. it can include multiple extreme discharge peaks 

for wet years thus leading to a set of higher discharge extremes. As a result, the discharges 

within the low return period - high frequency domain are higher when using POT compared to 

AM (Buitink et al., 2025). To adjust the statistics derived from the AM for this, the so-called 

Langbein relation was applied. The Langbein formula is shown below.  

 

Langbein relation:     Ὕ
 

 

This can be rewritten to:  Ὕ Ὡ 

 

 

With x the Gumbel variate. The adjustment is, for reasons of simplicity, done for the complete 

range of annual maxima. The differences decrease for higher discharge extremes and 

become very small (< 1%) for return periods above 25 years. 

 

2.4.6.4 Compute hydrological climate signal and apply to reference DFC  

Following the steps above, hydrological DFCs GRADE-Vecht (HBV96-SOBEK3-1D) are 

derived for the current climate and all future KNMI'23 climate scenarios.  
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In the next step, we assess for each future scenario the change between the reference and 

future climate discharge extremes for a large set of return periods. The resulting multiplicative 

climate change factor are used to transfer the HR2006 DFC to a set of future hydrological 

DFCs for the KNMIô23 scenarios. In literature this is also called the Delta-change approach or 

Delta method (Hay et al., 2000), most often used to convert rainfall and temperature values in 

their future equivalent. Here used to transfer the discharge extremes, and thus the DFCs, into 

future values. 

 

The equation below summarizes the approach: 

 

ὗ ͺ ͺ ὗ ͺ ẗ
ͺ ͺ

ͺ ͺ

  

 

Where QTn refers to the discharge for the given return period Tn. Where Geerse refers to the 

original Geerse DFC (2006) and K.-)ᴂςσ refers to the KNMI'23 values, cur refers to the 

current climate (1991-2020), fut to the future climate.  

 

Note that all these change values are based on the hydrological HBV96/SOBEK3-1D results, 

and not on the SOBEK3-1D2D results. It is not possible to directly derive and impose this 

climate change signal to the SOBEK simulations of the KNMIô23 scenarios, because towards 

the higher return periods the future hydraulic DFCs are converging due to upstream flooding 

the change signal for the highest discharge extremes would thus converge to zero. Resulting 

in too low increases in discharge when these are applied to the historical DFC.  

 

Thus, after the step explained above the future hydrological DFCs are converted into 

hydraulic SOBEK3-1D2D annual maxima using the SOBEK3-1D-SOBEK3-1D2D regression. 

These maxima are used to derive the DFCs for the future KNMIô23 scenarios. 

 

2.4.6.5 Interpolate DFCs to 2075 and 2125 

The BOI team also requested DFCs for 2075 and 2125, since these time horizons represent 

the periods of 50 and 100 years from now. To derive representative DFCs curves at these 

time horizons, we use a temperature-based discharge scaling methodology, which is 

explained in the memo of Vos (2021) . The discharge scaling coefficients are presented in  

Table 6. The scaling factors are used to transfer the hydrological discharge extremes.  

Table 5 presents KNMIô23 global warming levels for the three SSP scenarios (corresponding 

to the KNMIô23 scenarios L, M and H) for the official KNMIô23 time-horizons 2050, 2100 and 

2150 (in black) and the intermediate time-horizons 2075 and 2125 (in red).  

These intermediate global warming levels are based on the median value of the IPCC 

óassessed rangeô of Global Surface Air Temperature change (æGSAT) relative to 1996-2015 

[°C] and calculated in the same way as those for the official KNMIô23 time-horizons. See van 

Dorland et al. (2024; Section 2.1.1) for details. 
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Table 5 Extension of KNMIô23 global warming levels [ÁC] with 2075 and 2125 [Source: van Dorland et al., 

2024]. In contrast to the original table the numbers have an accuracy of 0.01 °C for enhanced accuracy in the 

scaling equations (1) and (2) (see below). In brackets the 90 % confidence interval (5 ī 95 %) is shown. 

Emission  

uncertainty  

Scenario  

name 

Time horizons  

2050 2075 2100  2125 2150 

SSP1-2.6 L 0.86 

(0.53 - 1.28) 

0.94 

(0.55 ï 1.46) 

0.80 

(0.42 ï 1.45) 

0.71 

(0.32 ï 1.39) 

0.66 

(0.26 ï 1.36) 

SSP2-4.5 M 1.08 

(0.75 ï 1.52) 

1.57 

(1.09 ï 2.23) 

1.89 

(1.28 ï 2.86) 

2.02 

(1.36 ï 3.12) 

2.12 

(1.41 ï 3.53) 

SSP5-8.5 H 1.48 

(1.04 ï 2.00) 

2.66 

(1.86 ï 3.62) 

3.96 

(2.81 ï 5.62) 

4.89 

(3.45 ï 7.01) 

5.54 

(3.90 ï 8.03) 

   

Scaling of the change in the discharge, denoted as dQ, with the global warming levels, 

denoted as dTg, so-called ótemperature scalingô, for any SSP / scenario can be written in a 

formula as: 

For a time-horizon x between 2050 and 2100: 

 

dQx  = dQ2050 + (dTgx ï dTg2050) / (dTg2100 ï dTg2050) * (dQ2100 ï dQ2050)  

= dQ2050 + Ŭ * (dQ2100 ï dQ2050)                   (1) 

 

and for a time-horizon x between 2100 and 2150:   

 

dQx  = dQ2100 + (dTgx ï dTg2100) / (dTg2150 ï dTg2100) * (dQ2150 ï dQ2100)  

= dQ2100 + Ŭ * (dQ2150 ï dQ2100)                  (2) 

 

with, respectively dQ2050, dQ2100 and dQ2150 known changes in the discharge, or a discharge 

quantile5, calculated/obtain with e.g. the GRADE instrument, using the KNMIô23 climate 

scenarios for the official time horizons 2050, 2100 and 2150. Subscripts refer to the 

corresponding time horizon. 

E.g., for 2075 and SSP5-8.5 (H) the first of the two equations has to be used: 

 

dQ2075  = dQ2050 + Ŭ * (dQ2100 ï dQ2050) with  

Ŭ = (dTg2075 ï dTg2050) / (dTg2100 ï dTg2050) = (2.66 ï 1.48) / (3.96 ï 1.48) = 0.48. 

 

In equation (1)   x = 2050 yields Ŭ = 0 and x = 2100 yields Ŭ = 1.  

For all combinations of 2075 or 2125 and SSP the Ŭôs can be calculated from Table 5 and 

respectively Equation (1) or (2). The results are presented in Table 6.   
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Table 6 Temperature scaling coefficients Ŭ for the response (e.g. for dQ) for different combinations of SSPs 

and the unofficial KNMIô23 time horizons 2075 and 2125 to be used in respectively Equation (1) and (2). 

Emission  

uncertainty  

Scenario  

name 

2075 2125 

SSP1-2.6 L -  - 

SSP2-4.5 M 0.60 (1) 0.57 (2) 

SSP5-8.5 H 0.48 (1) 0.59 (2) 

 

Note that there are no scaling coefficients given for SSP1-2.6. The small differences in the 

global warming levels between the different time horizons under SSP1-2.6 (Table 5) would 

lead to indistinguishable scenarios. Therefore, KNMI decided that the Ld (and Ln) scenarios 

in KNMIô23 are identical for 2050, 2100 and 2150 and based on óthe middleô global warming 

level of 0.8 °C (van Dorland et al., 2014, Table 3.3). Consistency with this means that the L 

scenarios for 2075 and 2125 are also identical to those for 2050, 2100 and 2150. Therefore, 

scaling for SSP1-2.6 is inappropriate. For completeness, the (intermediate) global warming 

levels are, however, also given for SSP1-2.6 in Table 5.  

Note further that the dTgôs for each SSP / scenario (as presented in Table 5 for 2050, 2075, 

2100, 2125 and 2150) are available for each time horizon year between 2050 and 2150 and 

therefore the coefficients, as presented in Table 6 for 2075 and 2125 can be calculated when 

required for any other time horizon between 2050 and 2150.   
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2.5 Deriving uncertainty bands for the Vecht 

There are two sources of uncertainty that can potentially influence the values of the discharge 

extremes and thus the position of the KNMI'23 derived hydraulic DFCs. These are the 

hydrological and the hydraulic uncertainty. Here we reflect on these sources of uncertainty 

and their importance individually. Finally, we describe the approach we follow to obtain the 

total uncertainty band and the extreme discharge statistics including the uncertainty. 

2.5.1 Uncertainty originating from the reference DFC 

For the current climate we use the HR2006 DFC and here we also included the uncertainty 

related to this DFC. The uncertainty is based on the values presented in Chbab (2017), which 

describe the uncertainty using a lognormal distribution. The parameters of this distribution are 

directly taken from Geerse (2015) and presented in Table 7, the uncertainty values are taken 

to be a function of the discharge. This assumption was made because the HR2006 was 

derived from discharge observations. 

 

Table 7: Parameters of the lognormal distribution describing the uncertainty around the (hydrological) HR2006 

values. Copied from Geerse (2015), table 4-6. The mean represents the mean of the distribution around the 

considered discharge, the st. dev is the standard deviation of the lognormal distribution and the epsilon 

describes the shift of the distribution. See Geerse (2015) for more details and an example. 

Discharge  

(m3/s) 

Mean 

(m3/s) 

St. dev  

(m3/s) 

Eps 

(m3/s) 

200 0 5.77 -116 

216 0 5.77 -116 

263 0 10.30 -163 

299 0 14.10 -199 

335 0 35.80 -235 

383 0 46.32 -283 

419 0 63.58 -319 

466 0 84.18 -366 

502 0 97.68 -402 

550 0 117.04 -450 

574 0 127.76 -474 

610 0 140.97 -510 

658 0 159.43 -558 

694 0 171.7 -594 

741 0 193.47 -641 

777 0 202.84 -677 

2.5.2 Hydrodynamical uncertainty  

For the hydraulic DFCs for the future KNMIô23 climate presented in this report the SOBEK3-

1D / SOBEK3-1D2D regression is used for the translation of discharges without flooding to 

discharges with flooding.  
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Therefore, the uncertainty originating from the SOBEK3-1D2D model is also taken into 

account. This SOBEK model uncertainty has already been quantified in Geertsema et al. 

(2023a). Table 8 shows the values used in this report, and the uncertainty (normal 

distributed) is treated as a function of discharge (with flooding). 

 

Table 8: Uncertainty from the SOBEK model, expressed in m3/s. Values taken from Geertsema et al. (2023a), 

table 7-2. 

Q ůSOBEK 

184 2 

238 2 

277 3 

320 3 

344 4 

401 5 

445 5 

503 7 

538 8 

581 10 

618 12 

656 14 

 

2.5.3 Combining the uncertainties  

Since we have different sources of uncertainty, they need to be combined into a sigma that 

represents the combined uncertainty (Hegnauer et al., 2023; den Boogaard et al., 2014). 

However, since we have ñobservational / statisticalò uncertainty (from the HR2006, without 

effects of flooding), and hydrodynamical uncertainty (from the SOBEK model, with effects of 

flooding), we need to evaluate the uncertainty and thus conduct the steps in the flowchart for 

each point of the DFC individually9. The combined total uncertainty is described using a 

normal distribution10. 

ðððððððððððððð 
9 In all computations, each DFC consists of 100 data points, sampled equally in logspace between T=1 year and 

T=1.000.000 years 
10 In HR2006, the uncertainty is described using a log-normal distribution. However, since the GRADE regression is 

introduced, the resulting distribution is no longer log-normal. Additionally, the SOBEK uncertainty is combined which 

does follow a normal distribution. This workflow is set-up to determine the total uncertainty (after regression and 

including SOBEK uncertainty) in a pragmatic way without assuming specific distributions during the translation steps. 

An analysis of the difference between the resulting effective ñupperò and ñlowerò sigmaôs showed only little 

deviations, supporting the assumption that the total resulting uncertainty can be described using a normal 

distribution. 
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Figure 17: Flowchart describing the steps to derive the total uncertainty 

 

The procedure is visualized in Figure 17, and explained as follows: 

 

1. Find the HR2006 uncertainty (based on Geerse (2015), see Table 7) using the discharge 

without effects of flooding (ὗ ) and the lognormal distribution parameters. This returns 

an upper (ὗ ) and lower (ὗ ) estimate of the uncertainty (plus and minus one 

sigma) without effects of flooding. 

2. Translate the discharge, and both the upper and lower estimates of the uncertainty band 

using the GRADE regression (Ὢ) to discharge values with effects of flooding: 

 

ὗ Ὢὗ  

ὗ Ὢὗ  

ὗ Ὢὗ  

 

3. Compute the effective upper and lower sigmaôs by taking the difference from the upper 

and lower estimate of the uncertainty band with the value of the DFC: 

 

„ ὗ ὗ  

„ ὗ ὗ  

 

4. Find the SOBEK uncertainty („ ) for the translated discharge from step 2 (ὗ ) 

based on Geertsema (2023a ï Table 8) 

 

5. Combine upper and lower estimates with the SOBEK uncertainty: 

 

„ ͺ   „ „  

„ ͺ  „ „  

 

6. Take the mean of combined sigmaôs to determine the combined total uncertainty 

 

„
„  „

ς
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2.6 DFCs with integrated uncertainties 

The method for integrating the uncertainty (ůTOTAL) into the hydraulic Buitink 2025 DFC and 

future KNMIô23 DFCs is illustrated using an example from Wojciechowska (2023).  The 

objective is to determine the following probability: 

 

P(Q+V > w) 

 

where Q is the river discharge, whose distribution is described by an exceedance frequency 

curve, and V is a random variable representing statistical uncertainty. V is assumed to be 

normally distributed with a mean value of 0 and a standard deviation (ůTOTAL) that depends on 

the value of Q. 

 

The probability above is derived for different values of w, resulting in the distribution function 

of the discharge that accounts for statistical uncertainty (Q+V). The probabilities are 

determined using the directional sampling method (available in the probabilistic library).  

 

The library requires a limit state function (Z) as input, which in this case is defined as follows: 

 

Z = w ï (Q+V) 

 

2.7 Deriving the flood hydrographs 

 

Representative flood hydrographs have been derived from the set of flood waves simulated 

with SOBEK3-1D2D. To reduce computation time, SOBEK3-1D2D simulations were only 

conducted for the flood waves above 380 m3/s for a time window of 36 days around the 

annual maximum discharge. I.e. 20 days were included before and 15 days after the 

maximum discharge occurrence. The first 5 days of this period acted as a warm-up to handle 

the initial water level conditions in the SOBEK3-1D2D model and the remainder of days is 

used for the simulation of the flood hydrograph.11 For the derivation of representative flood 

hydrographs only 15 days before and after the discharge peak (30 days in total) are 

considered. 

 

ðððððððððððððð 
11 These 5 days will be sufficient for many flood peaks, however, especially in case of two flood waves occurring 

soon after each other, the initial conditions may be incorrect.  
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3 Results: KNMIô23 projections of discharge 
extremes 

In this chapter, we present the newly generated DFCs for the historic climate and the 

KNMIô23 climate scenarios for the Vecht together with the results of the intermediate steps. 
 
 

3.1 Historic reference Discharge Frequency Curves  

 

 
Figure 18 DFCs for the historical climate taken from Geerse (2016) and the new reference constructed in this 

study using the outcomes of the SOBEK3-1D2D model (Buitink (2015)). For both lines the discharge 

extremes account for upstream flooding. 

 

Figure 18 displays the newly developed Buitink (2025) DFC together with the previously used 

Geerse (2016) DFC. The Geerse (2016) DFC starts to flatten sharply just below 600 m3/s. 

Geerse (2016) made assumptions on the occurrence of flooding and the flood losses in the 

Dutch tributaries. When comparing Geerse (2016) and Buitink (2025) one could conclude that 

these assumption on flood losses led to an overestimation of the flood volume and thus a 

large reduction in the highest discharge extremes at Dalfsen. In the Buitink (2025) DFC we 

see a temporal flattening of the curve around 550 m3/s, where the floodplains upstream of 

Dalfsen begin to fill, once these are filled the discharge extremes rise again. This flood 

process, the dimensioning of cross-section and 2D flooding have been carefully included in 

the SOBEK3-1D2D model. 
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3.2 KNMIô23 DFCs based on HBV96/SOBEK3-1D 

In Figure 19 the distributions of the annual discharge maxima calculated with 

HBV96/SOBEK3-1D are presented for all wet scenarios for all future time-horizons. These 

results are the first step towards the end results and are not meant to be used in follow up 

assessments. Only the final results in section 3.2 and 3.4 are to be used. The results are 

based on the HBV96/SOBEK3-1D hydrological simulations and do not yet include the effect 

of upstream flooding. The latter is taken into account in the hydraulic SOBEK3-1D2D model, 

for which the results are presented later in this chapter. Figure 19 also includes the DFCs 

based on the Weissman fit. For the Vecht the Weissman fit (solid lines) results in a smoothing 

of the hydrological maxima that can be seen when we compare the solid lines with the 

dashed lines (for more information see appendix B). Especially for the highest and most rare 

discharge extremes the uncertainty is large and the right tails tend to either go up or down 

based on the annual maximum in a single simulated flood wave. The Weismann fit is also 

used to extrapolate the values to return periods exceeding the 50000 years of the 

simulations. Around 550 ï 600 m3/s, there is a temporal flattening in the DFC, most clearly 

visible for 2150Hn. This is caused by flood losses upstream of Dalfsen. 

 

 
Figure 19 Annual maxima for the Vecht at Dalfsen based on results from HBV96/SOBEK3-1D for the different 

KNMI'23 scenarios (colour coded) together with the historical climate (in grey). Dotted lines present the peak 

discharges as simulated with HBV96/SOBEK-1D, continuous lines present the Weissman fit (with 

extrapolation). 

 

The extreme discharges increase in all scenarios compared to the current climate. The 

spread between the scenarios is relatively small for 2050. For the high emission scenario ï 

Hn ï the change signal is most pronounced (see the light to dark brown lines in Figure 19). 

There is a clear increase in discharge extremes over time.  
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For the Mn scenario the increase over in discharge extremes over time is very limited. This is 

in line with the limited increase in KNMI'23 global warming levels for the M scenario (Table 9). 

The warming levels provide an indication of the position of the discharge extremes for given 

scenarios relative to one another. Still there positioning relative to one another also depends 

on non-linear hydrological processes, including the influence of evaporation increases with 

temperature increase that affect soil moisture conditions and thus the initial conditions for the 

flood season. We see that, even though the temperature increase for 2100Mn is larger than 

for 2050Hn, the projected increase in discharge increase is smaller. For the individual 

scenarios (Hn or Mn) we do not see any crossing DFCs over time as was the case for the 

Rhine. 

 

Table 9: KNMI'23 global warming levels, based on the median value of the IPCC óassessed rangeô of Global 

Surface Air Temperature change (ȹGSAT) relative to 1996-2015 (°C), for different KNMI'23 scenarios. In 

brackets the 90% confidence interval (5% - 95%) [source: van Dorland et al., 2024]. 

 

 
 

On a side note, from Table 9, it can be seen that the variation in global temperature change 

for Ln is nearly constant for all future time-horizons considered. KNMI therefore constructed a 

single Ln climate scenario that is representative of all three time-horizons: 2050, 2100 and 

2150. Consequently, we only developed one DFC for the Ln scenario that is representative 

for 2050, 2100 and 2150 even though hydrological conditions may change with time. 

 

3.3 KNMIô23 climate DFCs based on the original Geerse DFC 

For the current climate this study uses the original Geerse DFC as a reference for the current 

climate, which is primarily based on expert statistical interpretation of discharge 

measurements. This implies that for the current climate the outputs from the 

HBV96/SOBEK3-1D simulations will not be used as a reference and thus also for the future 

climate the data from HBV96/SOBEK3-1D cannot directly be used. Instead, we use, the 

current and future climate DFCs, based on HBV96/SOBEK3-1D , to derive a climate change 

signal for discharge extremes for different return periods. This procedure is hereafter 

described in more detail. 

 

1. We take the original HR2006 DFC (Geerse, 2006) as starting point. 

 

2. In a second step the hydrological climate change signal is derived for all future climate 

scenarios by taking the multiplicative difference, i.e. the change factors, between the 

HBV96/SOBEK3-1D DFC for the historic climate (grey line Figure 20) and the DFC 

derived for the KNMIô23 climate scenario simulations. Figure 20 displays these climate 

change factors for the different scenarios as a function of the return period.  

 

3. In a third step, the climate change factors are used to transfer the HR2006 DFC  from 

step 1 into future hydrological DFCs by using the Delta change approach.  

 

4. In a fourth step, the regression between HBV/SOBEK3-1D and SOBEK3-1D/2D models 

is applied to obtain the future hydraulic DFCs. 
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The climate change factors for the different future time-horizons and scenarios are displayed 

in Figure 20. The values for the Mn scenario are close together and close to the 2100Ln 

scenario. The change signal for the Hn signal is most pronounced for all time horizons.  

 

 

 
 

Figure 20 Multiplicative climate change factors for the KNMIô23 scenarios for the different return periods (x-

axis) to be applied to the hydrological GRADE-Vecht1.0 HBV96/SOBEK3-1D discharge frequency curve in 

order to obtain the hydrological discharge frequency curves for the KNMIô23 scenarios. 

 

Applying these change factors to the HR2006 DFC results in the future hydrological DFCs 

presented in Figure 21. In Figure 21, we see that the relative position of the different lines 

remains unchanged, but the absolute values are now in line with the HR2006 DFC results. All 

lines show a small bend around the return period of 100 years which corresponds to a 

discharge of ~550-600 m3/s where flooding upstream of Dalfsen starts to occur. The effect of 

upstream flooding temporarily seems to outweigh the climate change signal. 
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Figure 21 Discharge frequency curves, where the climate signal of the KNMIô23 simulations has been applied 

to the hydrological HR2006 DFC. Note that these are hydrological results which do not yet account for the 

hydraulic effects such as flooding. 

 

In the next step, the future hydrological DFCs for the KNMIô23 climate scenarios are 

converted to future hydraulic DFCs using the regression between SOBEK3-1D and SOBEK3-

1D2D (see Figure 16).  

 

Figure 22 presents the final future climate DFCs. The high emission climate scenario 

(2150Hn) results in extreme discharge close to 850 m3/s for a return period of 100,000 years. 

For the historical climate these values remained below 700 m3/s . The reduction in discharge 

caused by upstream flooding is for the Vecht substantial as can be seen from the difference 

between the DFCs in Figure 21 and Figure 22. Also in these final hydraulic DFCs for the 

Vecht we see a continuous increase in discharge extremes with time. 

 

Around a discharge of 550 m3/s we see a slight and temporary decrease in slope. This 

relates to the upstream flood occurrence that is also visible in the regression of the SOBEK 

simulations with and without flooding (Figure 16). At 550 m3/s, the river begins to overflow 

and flood plains begin to fill. At a discharge of around 650 m3/s, the slope increases again, 

the flood plains are filled and both the river and floodplains start to contribute to the overall 

flow. 
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Figure 22:  Discharge frequency curves for the current (black) and future climate (coloured) based on the 

regression between HBV96/SOBEK3-1D and SOBEK3-1D2D. 

 

Table 10 presents the discharge statistics for all scenarios and the reference situation. 

 

Table 10 Extreme discharge statistics (m3/s) for historical climate (Buitink 2025) and the KNMIô23 climate 

scenarios (without integrated uncertainty). Numbers have not been rounded to avoid the introduction of 

additional noise in the absolute discharge values. 

 

T Qmax 

Buitink  

2025 

Qmax 

2100Ln 

Qmax 

2050Mn 

Qmax 

2100Mn 

Qmax 

2150Mn 

Qmax 

2050Hn 

Qmax 

2100Hn 

Qmax 

2150Hn 

2 216 232 227 235 237 236 275 304 

5 263 283 277 286 288 288 335 372 

10 299 322 317 328 332 331 382 420 

25 347 373 367 379 383 381 432 470 

30 356 382 376 388 393 391 441 480 

100 416 440 440 451 458 454 505 544 

250 460 484 491 500 507 506 549 603 

300 468 492 500 510 518 517 555 620 

500 491 516 527 534 540 540 578 652 

1000 522 542 550 555 560 561 625 686 

1250 531 547 556 562 569 570 638 696 

2500 550 566 588 598 610 612 666 723 

3000 554 573 599 609 621 623 673 730 
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T Qmax 

Buitink  

2025 

Qmax 

2100Ln 

Qmax 

2050Mn 

Qmax 

2100Mn 

Qmax 

2150Mn 

Qmax 

2050Hn 

Qmax 

2100Hn 

Qmax 

2150Hn 

5000 570 599 629 637 645 647 691 747 

10000 603 634 657 662 670 672 713 772 

20000 636 658 680 684 692 694 733 796 

25000 644 664 687 691 699 701 739 803 

30000 650 669 692 696 704 706 744 810 

50000 665 684 707 710 718 720 757 828 

100000 683 702 725 728 735 738 776 852 

 

3.3.1 DFCs interpolated to 2075 and 2125  

 

The BOI project requested additional hydraulic DFCs for the future time horizons 2075 and 

2125. As explained in section 2.4.6.5, these DFCs have been obtained by interpolation 

between the DFCs for 2050 and 2100 and the DFCs for 2100 and 2150. The DFCs are 

presented in Figure 23 and Figure 24. For both the Mn and Hn scenario, the position of the 

DFCs increases with time. In the DFC for 2125, we see the effect of the temperature scaling 

on the resulting DFC: the values are slightly closer to the 2150 values, due to the 

temperature increase being closer to the 2150Hn temperature increase. The values for these 

DFCs can be found below in Table 11. 

 

 
Figure 23 Discharge frequency curves for current climate (denoted as Buitink 2025 (this report, in black) and 

the Mn KNMIô23 climate scenarios interpolated using the temperature scaling method to 2075 and 2125. 
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Figure 24 Discharge frequency curves for current climate (Buitink 2025, black) and the Hn KNMIô23 climate 

scenarios interpolated using the temperature scaling method to 2075 and 2125. 
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Table 11 Extreme discharge statistics for historical climate (Buitink 2025) and the interpolated KNMIô23 

climate scenarios (without integrated uncertainty). Numbers have not been rounded to avoid the introduction 

of additional noise in the absolute discharge values. 

T Qmax 

Buitink 2025  

Qmax 

2075Mn 

Qmax 

2125Mn 

Qmax 

2075Hn 

Qmax 

2125Hn 

2 
216 232 236 255 292 

5 
263 282 287 311 357 

10 
299 324 331 356 405 

25 
347 375 381 406 455 

30 
356 383 390 415 464 

100 
416 447 455 479 531 

250 
460 497 505 531 574 

300 
468 507 515 539 588 

500 
491 531 538 555 628 

1000 
522 553 558 588 664 

1250 
531 560 566 603 674 

2500 
550 594 605 643 702 

3000 
554 605 616 650 709 

5000 
570 634 642 669 726 

10000 
603 660 667 693 748 

20000 
636 682 689 714 770 

25000 
644 689 695 720 777 

30000 
650 695 701 725 783 

50000 
665 709 715 738 799 

100000 
683 727 732 756 821 

 

3.4 Uncertainty bands and table statistics 

Figure 25 displays the discharge frequency curves for the current climate and KNMIô23 

climate scenarios including the 95% uncertainty bands for the current climate and the most 

extreme climate scenario (2150Hn). To keep the figure clear, only the combined hydrological 

and hydraulic uncertainty around 2150Hn is shown here. At this moment the uncertainty 

bands are based on the HR2006 uncertainty and the hydraulic uncertainties. Both are 

assumed to be identical for the current and future current climate, they are a function of the 

return period. The hydraulic uncertainty varies as a function of the discharge, thus the total 

uncertainty is different for each climate scenario and return period. 
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Figure 25 Discharge frequency curves for the current climate Buitink2025  (solid black line) and 7 KNMIô23 

climate scenarios (coloured) including the 95% uncertainty bands for the current climate (grey) and 2150 Hn 

scenario (brown). 

Table 12 Size of the uncertainty (expressed as the standard deviation, sigma). The values represent the total 

uncertainty (combined HR2006 and hydraulic uncertainties). Numbers have not been rounded to avoid the 

introduction of additional noise in the absolute discharge values. 

T Buitink  

2025 

2100 

Ln 

2050 

Mn 

2075 

Mn 

2100 

Mn 

2125 

Mn 

2150 

Mn 

2050 

Hn 

2075 

Hn 

2100 

Hn 

2125 

Hn 

2150 

Hn 

2 
6 8 7 8 8 8 8 8 10 12 14 17 

5 
11 13 12 13 13 13 13 13 21 35 39 42 

10 
15 28 25 29 32 33 34 33 39 45 54 60 

25 
37 42 41 43 44 44 45 44 54 64 72 75 

30 
39 44 43 45 47 48 49 48 58 67 75 75 

100 
58 66 66 69 71 72 73 72 75 77 88 96 

250 
74 75 75 75 76 77 77 77 88 97 101 103 

300 
75 75 76 77 78 80 81 80 93 99 102 104 

500 
75 80 85 88 90 92 94 93 99 102 104 105 

1000 
83 95 98 99 99 99 100 100 102 104 106 109 

1250 
88 97 99 100 100 101 101 101 103 104 107 111 

2500 
98 101 102 103 103 104 103 103 104 107 111 108 

3000 
99 101 103 103 104 104 104 104 105 107 111 106 

5000 
101 103 103 104 103 104 104 104 107 110 107 102 

10000 
103 104 105 106 106 107 107 107 110 110 102 103 



 

 

 

51 of 81  Implications of the KNMI'23 climate scenarios for the extreme discharge statistics of the 

Overijsselse Vecht 

11211569-000-ZWS-0001, 3 March 2026 

T Buitink  

2025 

2100 

Ln 

2050 

Mn 

2075 

Mn 

2100 

Mn 

2125 

Mn 

2150 

Mn 

2050 

Hn 

2075 

Hn 

2100 

Hn 

2125 

Hn 

2150 

Hn 

20000 
103 106 108 109 109 110 110 111 110 105 103 106 

25000 
104 107 109 110 110 111 111 111 109 103 104 108 

30000 
105 107 110 111 111 111 111 111 107 102 105 109 

50000 
107 109 111 111 111 110 109 109 103 102 107 113 

100000 
109 111 107 107 106 105 104 103 102 104 111 118 
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3.5 DFCs including integrated uncertainties 

Figure 26 presents the hydraulic KNMIô23 and Buitink2025 DFCs with integrated uncertainty. 

The difference between the Mn and Ln scenarios remains small and close to the 2050Hn 

curve. The current uncertainty bands do not yet include the uncertainty associated with the 

higher extremes that occur under future climate conditions. The method to derive this has not 

been established. The applied uncertainty may thus still be an underestimation of the real 

uncertainty. 

 

Figure 27 (next page) has been included to demonstrate the influence of the integration of the 

uncertainty. It can clearly be seen that the DFCs are lifted. For a return period of 10.000 

years this results in an increase of ~150 m3/s for the 2150Hn scenario. Moreover, with the 

integrated uncertainty, the discharge extremes may increase to values close to 1.000 m3/s. 

 

 

Figure 26 Discharge frequency curves for the historical climate (Buitink 2025, black) and KNMIô23 climate 

scenarios (coloured) with integrated uncertainty. 

 

 
Figure 27 Comparison of the discharge frequency curves with integrated uncertainty (solid lines) versus the 

discharge frequency curves without integrated uncertainty (dashed lines). 
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Table 13 Extreme discharge statistics for historical climate (Buitink 2025) and the KNMIô23 climate scenarios 

(with integrated uncertainty) 

T Buitink 

2025 

2100 

Ln 

2050 

Mn 

2075 

Mn 

2100 

Mn 

2125 

Mn 

2150 

Mn 

2050 

Hn 

2075

Hn 

2100 

Hn 

2125

Hn 

2150 

Hn 

2 217 232 228 231 235 235 237 237 255 274 289 301 

5 264 282 277 281 285 286 288 287 307 335 355 372 

10 298 321 315 322 327 328 331 330 355 385 409 426 

25 350 378 372 380 386 388 392 390 417 449 475 495 

30 360 389 383 391 398 400 403 401 428 461 488 508 

100 432 462 459 467 474 477 481 478 508 542 572 594 

250 487 518 520 528 534 538 542 539 569 602 635 659 

300 498 529 533 540 546 550 554 551 581 614 648 673 

500 529 559 566 573 578 582 587 585 614 647 684 710 

1000 569 599 610 616 621 625 630 629 659 692 732 759 

1250 582 612 624 630 635 639 644 643 673 706 747 773 

2500 620 650 666 672 677 681 686 686 716 750 791 817 

3000 630 660 677 682 687 692 697 697 727 760 802 828 

5000 658 688 707 712 717 722 727 728 758 790 831 857 

10000 694 725 747 752 756 761 766 767 797 827 868 894 

20000 730 760 784 789 793 798 803 805 832 861 903 928 

25000 741 771 796 800 804 809 814 815 843 872 913 939 

30000 751 780 805 809 813 818 823 825 852 880 921 947 

50000 776 805 830 834 838 843 848 850 876 904 945 971 

100000 809 837 862 866 869 875 879 881 907 933 974 1002 
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3.6 Comparison between KNMIô06 and KNMIô23 

In this section, a comparison is made between the newly developed discharge statistics for 

the KNMIô23 scenarios and the discharge statistics based on the KNMIô06 scenarios. The 

data for the KNMIô06 scenarios has been obtained from the report of van den Boogaard and 

Bouaziz (2016). They derived the future climate scenarios by drawing a synergy between the 

Lippe and the Vecht. This was decided because for the KNMIô06 scenarios no GRADE-Vecht 

simulations were in place yet, and the largest similarities in basin characteristics and 

geographical location were assumed between the Vecht and the Lippe. The Lippe is included 

in the GRADE Rhine instrument as it is one of the sub-basins of the Rhine. van den 

Boogaard and Bouaziz (2016) provide data for the situation with and without upstream 

flooding up to return periods of 30000 years. In this report the comparison is made for the 

DFCs that account for upstream flooding. These DFCs do not include the integrated 

uncertainty, since this data was not available from van den Boogaard and Bouaziz (2016). 

 

Van den Boogaard and Bouaziz use the Geerse (2016) DFC as reference. This DFC is 

compared with the Buitink (2025) DFC in section 4.1. There is a large similarity between the 

two. In the reference DFC used by van den Boogaard and Bouaziz (2016), which is the 

Geerse (2016) and WBI2017 DFC, the flattening and thus flooding starts later and is 

persistent up until the highest return periods. As a consequence, for return periods of 1000 

years or more, the discharge extremes of this study (denoted as Buitink2025) are higher.  

 

3.6.1 Comparison of a selected set of future climate DFCs  

 

Figure 28 Comparison of the DFCs for 2050 for the KNMIô06 scenario W+ (dark pink) and the KNMIô23 

scenarioôs 2050 Mn (light pink) and 2050Hn (yellow). 

 

Figure 28 presents the DFCs for 2050 for 3 different climate scenarios. The KNMIô23 

scenarios Mn and Hn project higher discharge extremes for return periods above ~2000 

years. The KNMIô06 2050W+ DFC shows a sharper flattening. The approach of Geerse 

(2016) assumed a larger amount of upstream flooding than according to the latest GRADE-

Vecht1.0 insights (Geertsema et al., 2023a). 
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Figure 29 Comparison of the DFCs for 2100 for the KNMIô06 scenario W+ (dark pink) and the KNMIô23 

scenarioôs 2050 Mn (purple) and 2050Hn (orange). 

 

Figure 29 presents a number of climate scenario DFCs for 2100. The KNMIô23 2100 Hn 

scenario projects higher discharge extremes for return periods above ~2000 years. Again, the 

KNMIô06 2100W+ DFC shows a sharper flattening due to an overestimation of the upstream 

flood volumes by Geerse (2016). For 2100, the more moderate KNMIô23 2100 Mn scenario 

clearly projects lower discharge extremes up to return periods of ~30000 years. Table 14 

provides a summary of discharge return values for the Vecht at Dalfsen for a number of 

KNMIô23 and KNMIô06 climate scenarios. 

 

 

Table 14 Comparison of discharge return values for the Vecht at Dalfsen (in m3/s) between a number of 

KNMIô06 and KNMIô23 climate scenarios without integrated uncertainty 

T KNMIô06 

2050W+ 

KNMIô23 

2050Mn 

KNMIô23 

2050Hn 

KNMIô06 

2100W+ 

KNMIô23 

2100Mn 

KNMIô23 

2100Hn 

10 326 317 331 364 328 382 

100 466 440 454 534 451 505 

1000 576 550 561 639 555 625 

10000 647 657 672 687 662 713 

100000  725 738  728 776 
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4 Flood hydrographs 

Figure 30 presents the flood hydrographs for the discharge classes divided in equal intervals 

of 50 m3/s. The flood hydrographs were derived from the SOBEK3-1D2D simulations that 

were conducted for the historic (EOBSv26.0e) and the high emission 2150Hn scenario. To 

investigate whether the climate scenario affects the shape of the discharge wave, a 

separation was made between the historic climate and the 2150Hn scenario data.  

 

For the historic climate the highest discharges for the return times of interest are 

approximately 600 m3/s. According to the 2150Hn scenario the discharge peaks may 

increase to ~750 m3/s.  

Up until 550 m3/s there is a large similarity in the hydrographs for the historical climate and 

future 2150 Hn scenario. Above 550 m3/s the hydrograph shapes for the historical climate 

tend to be wider, or less sharp, than the wave shapes simulated for the future climate. 

 

It should be noted that each discharge class may be based on a different number of 

underlying events depending on the number of events that is simulated for that discharge 

class. The highest class is based on a single flood wave for 2150Hn, which explains the 

slightly different discharge wave shapes.  

 

 
Figure 30 Flood hydrographs for the Vecht at Dalfsen. Hydrographs are presented for equally spaced 

discharge classes of 50 m3/s. Continuous lines represent the hydrographs for the 2150Hn scenario, dashed 

lines represent the historic climate.  

 

When normalizing these flood hydrographs per discharge class based on their maximum 

value, we get the results presented in Figure 31. In this figure, we see that the shape of the 

hydrograph remains rather constant throughout the discharge classes up to 550 m3/s. Similar 

to the figure with the absolute values, we still see that the number of runs affects the 

hydrograph shape. The number of floodwaves included in the highest discharge class is 

smaller and thus is the shape of that hydrograph more uncertain. More detailed figures for 

each discharge class (both absolute and normalized values) can be found in Appendix C. 
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Figure 31 Normalized flood hydrographs for the Vecht at Dalfsen. Hydrographs are presented for equally 

spaced discharge classes of 50 m3/s. Continuous lines represent the hydrographs for the 2150Hn scenario, 

dashed lines represent the historic climate. 

 

To limit the influence of the number of runs affecting the flood wave, and their limited 

differences in (normalized) shape, we have chosen to combine all normalized flood waves 

between 600 and 800 m3/s (based on their peak value) from both scenarios (historic climate 

and 2150Hn scenario), to produce a single standardized flood wave including uncertainty 

bands (see blue in Figure 31). In addition we derived a normalized flood wave including 

uncertainty bands based on all normalized flood waves (see green in Figure 32). This figure 

shows that for the more extreme waves the hydrographs follow a different shape. 

 

The normalized flood waves are provided to enable analysis of the effect of flood waves for 

any discharge value. The maximum discharge value can be chosen and the corresponding 

flood wave can be constructed using this normalized flood wave. 

 

 
Figure 32 Normalized flood wave based on all flood events. Green lines indicates the mean over all events 

and the blue lines all waves between 600 and 800 m3/s (number of events in the title of the plot). The shaded 

areas represent the 10-90% range (light shaded) and the 33-66% range (dark shaded).   
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5 Technical discussion 

In the workflow for the preparation of the KNMIô23 DFCs there were several steps for which 

the preferred approach had to be selected. Sometimes compromises have been made for the 

sake of consistency. For other components there were advantages and disadvantages for 

multiple options. Here we provide a brief summary of the decisions made and their 

consequences. 

  

1. Each KNMIô23 scenario (L,M,H) consists of a wet and a dry scenario  variant. It was 

decided to only derive discharge frequency curves for the wet scenario variants, as 

processing all scenarios was not possible due to the required time and computational costs. 

The dry scenarios may however also contain wet spells during otherwise relatively dry 

conditions. To address any concerns that such dry spells are relatively prominent in extreme 

values, we investigated the difference between the dry and wet variant for one scenario for 

the Rhine (i.e. 2150Hd; see Buitink et al., 2025). The resulting discharge frequency curve 

was consistently lower for the dry variant than for the wet variant. Based on this result, we 

justify the use of only the wet scenarios as a risk averse approach. This choice was 

consistently made for the Rhine, Meuse and Vecht. 

  

2. For the construction of unbiased climate scenario timeseries of precipitation, temperature 

and radiation there are two options: (1) timeseries transformation  of the historical 

timeseries and (2) bias -correction  of the current and future climate timeseries. Both 

methods have advantages and disadvantages.  

Timeseries transformation means that the climate signals - as derived from the RACMO 240 

year timeseries - are applied to the original observational record (for precipitation, 

temperature and radiation). The day-to-day and seasonal variability as well as persistency 

does not change and extreme events are only scaled. Thus also (multi-day) variability of 

extremes remain the same in the 50.000 year timeseries. This change in day-to-day 

variability can be included in the GRADE analysis by using bias-corrected climate timeseries. 

A bias-correction approach was chosen for the analysis of dry and average discharge 

conditions presented in Buitink et al. (2024a). However, because the bias-correction method 

that follows a quantile mapping approach, can never correctly cover the full range of 

discharge values, especially not the tails, some high precipitation extremes remained in the 

bias-corrected climate scenarios (Van den Brink, 2024). These extremes had a strong and 

disturbing influence on the synthetic WG time-series in which they were included in the 

resampling at a too high frequency. This impacted the resulting discharge frequency curves, 

especially for the high return period, which made the resulting data unreliable. Therefore, it 

was decided to use the timeseries transformation approach, even though it is introducing 

limited change in the occurrence of new extremes and this may reduce the change in shape 

of the flood hydrographs. Besides this effect on the output of the rainfall generator, it also 

shows that (potentially) the uncertainty in the rainfall generator might be substantially larger.  

  

3. Compared to the Rhine (and even the Meuse) the Vecht is a relatively small river basin 

with shorter response times. In the Vecht, discharge peaks with a duration of less than a day 

do occur. Consequently, the extreme discharge values may be underestimated by the current 

GRADE version that simulates extremes on a daily time-step. In the upcoming years, it will be 

investigated whether a sub-daily time-step provides more realistic results. 
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4.  In future iterations of GRADE, further explorations of uncertainties and improvements in 

the derivation of the DFCs may be considered such as: 

  

Å Investigate how to account for the effect of the uncertainty in the climate change signal 

and its calculation; 

Å Investigate whether the shape parameter values for extreme precipitation remain valid 

under climate change conditions with more extreme precipitation events. 
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6 Main conclusions and recommendations 

This study assesses the implications of the KNMIô23 scenarios on extreme discharge 

statistics of the Vecht at Dalfsen. In this study, the future climate discharge frequency curves 

(DFCs) are for the first time derived using the GRADE-Vecht instrument. These DFCs are 

available for further use by the Assessment and Design instruments for flood Defences, in 

Dutch ñBeoordelings- en Ontwerpinstrumentariumò (BOI)  and other policy programs. 

 

The results presented in this study show that the discharge extremes are expected to 

increase for all considered climate scenarios and future time horizons (2050, 2100, 2150) 

compared to the current climate, regardless of the strength of the global warming. Strongest 

increases are expected for the Hn scenarios, where the discharge strongly increases for each 

future time horizon. The discharge values for the three time-horizons of the Mn scenario are 

all relatively close to each other and remain close to the discharge values that are reached by 

2050. Still, the DFCs for the individual scenarios are projected to continuously increase with 

time.  

 

Comparing these results to the discharge extremes based on the KNMIô06 climate scenarios, 

we see that the DFCs for the KNMIô06 scenarios tend to flatten for the highest return periods 

due to the way upstream flooding is accounted for. Around 600 ï 650 m3/s the discharge 

extremes more rapidly increase again, indicating that the floodplains are filled and more 

water remains within the river. 

 

Within this study, a new historical reference DFC is introduced, i.e. the Buitink2025 DFC. This 

DFC can be considered an improvement over the Geerse2016 DFC (Geerse, 2016) that is 

currently used in WBI2017. Both the Geerse2016 and the Buitink2025 DFC use the HR2006 

DFC, that does not account for flooding, as a starting point.  

 

For the Geerse2016 DFC, the correction for upstream flood losses is based on assumptions 

for the flooding along the Dutch tributaries. In the development of the Buitink2025 DFC, the 

regression from the HR2006 DFC to a DFC that accounts for the effect of upstream flooding, 

is based on the relation of flood peaks simulated with the SOBEK3-1D and SOBEK3-1D2D 

model. This model realistically covers both flood losses in Germany and the Dutch tributaries 

through a 1D2D model coupling. Based on comparisons in this study, we conclude that, as a 

result of the assumptions made, discharge extremes are reduced too much in the 

Geerse2016 DFC 

 

In addition, this is the first time that the future changes in DFCs could be derived using a 

GRADE instrument implemented for the Vecht. This replaces the assumptions made in the 

KNMIô06 future scenarioôs that the discharge change signals for Dalfsen could be derived 

from the change signals calculated for the Lippe with the GRADE instrument for the Rhine. 

 

This report provides a technical overview of results and an explanation of the underlying 

scientific methods, further selection or sub-setting of representative scenarios for different 

applications is a policy driven decision.  

6.1 Recommendations: 

There are several components in the methods applied for the development of the discharge 

frequency curves for the KNMIô23 scenarios that would benefit from further improvement in 

the coming years.  
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It will take at least 5 more years before new climate information will be made available for the 

IPCC 7th Assessment Report which means that there is time to make these further 

improvements and benefit from those for the development of the new future discharge 

scenarios for the next generation of KNMI climate scenarios. Below follows a list of technical 

recommendations: 

 

- Properly determine the major source of uncertainty, i.e. the uncertainty in the (extreme) 

discharges due to the uncertainty in the present calculation of the climate signal for 

climate, under future climate scenarios. Expert judgement suggests that this uncertainty 

is larger under future climate conditions than for the current climate. 

 

- Improvement of the WG to specifically make the WG less sensitive to extreme historical 

precipitation events, making it possible to include e.g. the extreme rainfall of the summer 

2021 event in the base period for the WG, this to ensure that the statistics of such events 

are included in future versions of the WG. 

 

- Evaluate the WG approach and compare alternatives based on (subdaily) meteorological 

variables obtained from weather models, for example ensemble seasonal forecasts, 

rather than (daily) meteorological variables solely from observations. This could be an 

alternative for the WG that is less sensitive to outliers in the base period. 

 

- Consider replacing the time-series transformation (TT) method with the bias-correction 

method. The TT method only allows for limited change in the persistency due to climate 

change and the possibilities for changes in the shapes of the hydrographs will therefore 

also be limited, whereas such changes are not limited in the bias-correction method. If 

the latter is the preferred method, it would also imply that the WG is used to generate 

synthetic time-series for the current climate as well as for all future climate scenarios. 

 

- Ensure a consistent choice of the meteorological datasets. Ideally the same data is used 

in the historical WG, for bias-correction of the climate datasets and for hydrological model 

calibration. This helps to avoid the use of other datasets than the one used for the 

hydrological model calibration results in model biases. 

 

- Replace the HBV96 hydrological model with an optimized wflow_sbm model in line with 

the latest GRADE set-up for the Rhine and Meuse. 

 

 

N.B. The application of the results for the Hydraulic Loads (Hydraulische Belastingen) will be 

covered by a follow-up trajectory within BOI by the Ministry of Infrastructure and Water 

Management.   
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A Initial conditions for future scenarios 

This Appendix is taken from Buitink et al. (2024). As shown in Figure 33, the different 

scenarios cover different time horizons. As each time-horizon is representative for  by a 30-

year period around its time-horizon we do not have continuous climate time-series. However, 

it is important to start the hydrological simulations with conditions that are representative for 

the start of that 30-year period.  

This is especially important for long-term water storages, such as glaciers, persistent 

snowpacks, groundwater and deeper soil layers, which are expected to gradually decrease 

over time as a result of increasing temperatures and drying conditions. It should be noted that 

we do not aim to produce transient continuous time-series, but rather provide time-series that 

are representative for the climate in the future time-horizons and that start with the correct 

initial conditions. It should be noted that the full 50.000 years time-series are divided in time-

slices of 30-years that all start of from the same initial conditions for the given time horizon. 

 

To start the hydrological model with representative conditions for the time-horizon of (for 

example) 2150, we would need a continuous timeseries until the start of the 30-year period of 

this time horizon (2136-2165 for 2150). These continuous time-series of precipitation, 

temperature and potential evaporation are not available from RACMO and we need to fill the 

gaps between each time horizon. We decided to virtually extend each time horizon block, 

such that we can cover the gaps in between each time horizon. Figure 33 shows how the 

different time horizons are extended to retrieve a continuous timeseries until the start of the 

last time horizon of each scenario. Please note that this only applies to the climate scenarios 

for the future time horizons. For the reference climate scenario, we used initial conditions that 

are representative for the start of 1991. The 8 blocks of 30 years in the reference climate are 

all starting from these initial conditions. 

 

For the future time horizons, and to explain this figure, we take the Hn and Hd scenario as 

example. The initialization process of the future climate simulations starts with initial 

conditions obtained by simulating the historical period using observed meteorological data. 

The observation based meteorological dataset covers the period 1991-2018. We use this 

data (in contrast to the provided reference climate) as this observational dataset contains the 

most accurate meteorological conditions representative for this period. As a result, this will 

lead to the most accurate hydrological conditions for this historical period, and thus as an 

accurate starting point to estimate the initial conditions and long-term water storages. 

 

The first future time horizon is the 30-year block around 2050, which covers the period 2036 

to 2065. To create a continuous timeseries, such that we can create realistic initial conditions 

and have an accurate estimate of the long-term water storages, we need to fill the period 

from 2019 until 2036. This block of 17 years is split into two equal parts, and a period of 2 

years for warming up the model: Fill 1, Fill 2, and Warmup. For the first fill block (Fill 1) we 

are using the last 7 years from the previous simulated timeseries (the historical period in this 

case).  
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Figure 33: Dependencies between the different time horizons, and which states are used for each scenario. 

The stacked squares represent the 8 blocks of 30 years for each time horizon, which combined make the 240 

years of data per scenario and time horizon. 

 

For the second fill block (Fill 2), we are using the first 8 years from the next time horizon (the 

2050 block in this case). However, in these 8 years, there is already a (small) climate signal 

present. To prevent this signal to slightly interfere with the initial conditions, we decided to do 

a simulation of 2 years that has the smallest climate signal present (i.e., the first years of the 

30-year block). This 2-year simulation (called the ñWarmupò in the figure above) are done to 

retrieve the initial conditions that will be used in the 8 blocks of 30 years. For these ñWarmupò 

runs, we use the third and fourth year of the time horizon (2050 in this case). Although the 

first and second year should have an even smaller climate signal, we decided to not use 

these years, as these years would be repeated in the actual simulations (2050 in this case, 

after the warmup). If these two years would be extreme conditions, they would occur twice: in 

the warmup and in the actual simulation. This could potentially exacerbate the hydrological 

response. It should be noted that, despite that our approach largely minimizes this risk, there 

remains a small possibility that this approach introduces artificial persistency in extreme 

years.  

 

As mentioned before, each time horizon consists of 8 ensembles of the 30-year period. Each 

of these ensemble members are started from the same hydrological warmup conditions. The 

conditions of the first ensemble member are used to continue this method with filling and 

warmup until the last time horizon is reached.  

 

Please note that all L scenarios have small deviations from this setup. For 2033L, the 

representative years of the 30-year block is directly followed after the historical period, so we 

decided to directly use the model conditions after the historical period to initialize each 

ensemble member of this scenario. This way, we have an accurate match between the 

representative period of the scenario and the simulated years. For 2100Ln and 2100Ld, the 

only time horizon considered is 2100 because of the limited climate change signal (KNMI, 

2023). This would mean we would have to fill the period from 2019-2085, i.e., to the start of 

the 30-year period surrounding 2100.  
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As there is only a very limited climate signal present in this scenario, we decided to treat the 

filling as if the time horizon was placed at 30 years around 2050. This way, we reduce the 

amount of gap filling we need to do (and the potentially added uncertainty). Here we do 

neglect possible changes in glacier conditions between 2050 and 2100 for the L scenario in 

order to reduce computation time. 
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B Weissman parameterization using jackknife runs 

The jackknife runs of Geertsema et al. (2023c) are re-used here to derive the GEV shape 

parameter value The following steps were taken:  

 

1 Choose a first value of the return period T above which the values are included in the fit; 

2 Determine all once-per-T values per jackknife series (e.g. T=1000 therefore yields 50 

values and T=100 500 values);  

3 Choose an arbitrary start value for the GEV shape parameter, for example theta=0.1;  

4 Fit a GEV distribution with this shape parameter fixed to all jackknife series;  

5 Normalize the jackknife maxima with the obtained location and scale parameter;  

6 Combine all normalized maxima (21x50 at T=1000) and fit a GEV distribution through 

them;  

7 Update the value of ɗ and go back to step 4. After 3 iterations the value of ɗ is typically 

stable enough;  

8 Repeat steps 1-7 for multiple values of T, and choose a value of T where the ɗôs are not 

(very) sensitive to the choice of T; 

9 Fit a GEV distribution with the final ï fixed - shape parameter ɗ and the final choice of T 

to all jackknife runs and use this distribution for extrapolation. 

 

Several notes on the steps above: 

 

1 The procedure to find the optimal value of the GEV shape parameter is similar to the 

procedure in Van den Brink and Können (2011) and Buishand (1991). 

2 The procedure to find the optimal value of T is similar to the common approach in POT 

analyses. Effectively this comes down to choosing T to be 10, 100, 1000 years. 

3 We apply the procedure to the HBV96 results and not to SOBEK, as we expect that 

HBV96 maxima have a smoother relation to the return period than SOBEK. 

4 We apply a GEV and not a GPD distribution. If a threshold T is mentioned, the maxima of 

T-year blocks are used, which may slightly differ from all values above a threshold T. 

B.1 Results 

The optimal values of theta for different values of the threshold T are shown in Figure 34. The 

GEV distribution to the reference run gives similar values, although with more fluctuations 

(especially at high thresholds). The fact that ɗ for the jackknife set is (nearly) always positive 

confirms that fitting a Gumbel distribution (which is similar to fitting an exponential distribution 

to POT-values) leads to over-estimation for large return periods. 
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Figure 34 Optimal value of the GEV shape parameter theta for different thresholds (shown as return periods 

T). The red line is for the jackknife records, the blue line is when the GEV distribution is fitted to the reference 

record (i.e., without fixation of the shape parameter).  

 

Figure 35Figure 35 shows the normalized jackknife maxima for T=10, 100 and 1000 year in 

red, green and blue, respectively. It shows that the normalized maxima do not follow a 

Gumbel distribution ï which would result in a straight line (indicated with the black line). For 

T=10 the values do not follow a GEV distribution (dashed colored lines); for T=100 and 200, 

the values do follow a GEV distribution. This indicates that thresholds equal or larger than 

T=100 are appropriate for extrapolation purposes12. 

 

ðððððððððððððð 
12 It is likely that this is caused by the outlier of 1998, which influences the line around T=100, leading to a S-shaped 

Gumbelplot that is not wel represented by a GEV distribution. By choosing T >= 100, the fit is determined the part 

after the S-shaped, and is a GEV distribution appropriate. 
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Figure 35 Gumbel plots of the combined normalized jackknife maxima for thresholds of T=10 (red), 100 

(green) and 200 (blue) years. The dashed lines show the corresponding GEV fits. 

 

Figure 36 shows the jackknife GEV fits (with the shape parameter fixed to the optimal value 

of Figure 34) for thresholds of T=10, 100 and 200 years. The thick lines that extend beyond 

T=400Kyr are the averages of all 21 jackknife fits. For jackknife for T=10 is too high, again an 

indication not to choose this threshold. For T=100 and T=200 the averages of the jackknife 

fits are almost similar to each other and to the fit to the reference run (black). 
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Figure 36 Gumbel plots for the reference run (black), the fitted GEV distributions to the values of T=10 (red), 

100 (green) and 200 (blue). The thick lines indicate the average of the 21 jackknife fits. 

 

Figure 37 shows the Gumbel plot of the reference line with the corresponding 95% jackknife 

uncertainty, directly derived from the 21 jackknife runs (black). The colored lines show the fits 

for T=10 (red), 100 (green) and 200 (blue). The 95% uncertainties as derived from the fixed-

GEV fits is also indicated (dashed lines). For all thresholds shown, the lower limit of the 95% 

uncertainty ranges increases monotonically, a property that is required from a physical point 

of view13.  

It should be noted that the uncertainty ranges cannot be applied to return periods below the 

chosen threshold. 

 

As described in Appendix A of Geertsema (2023c), additional analyses have been done with 

synthetic meteorological datasets from the seasonal forecasts of ECMWF (SEAS5). The 

largest discharges from this dataset are indicated by the dots. These extremes are larger 

than the results from the Rainfall Generator. By requiring that (most of) these points are not 

outside the uncertainty ranges, it is decided to choose T=200. 

 

ðððððððððððððð 
13 For T>500 this is no longer the case, indicating that T>500 is no good choice. 
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Figure 37 Gumbel plots of the reference line with corresponding 95% jackknife uncertainty (black), plus the 

lines based on the fixed-GEV fits for T=10 (red), 100 (green) and 500 (blue). The black dots are the most 

extreme discharges from the SEAS5 Rainfall Generator. 

 

Figure 38 shows how the estimated return values vary as a function of the chosen threshold 

T. The return values are shown for return periods of 10į (red), 10  (green) and 4.10  (blue) 

years. Thin dashed lines indicate the upper boundary of the confidence interval (97.5% 

quantile) according to the fixed-GEV jackknife fit. 

It shows that the estimated return values are stable (i.e., independent of the chosen threshold 

T) for T >= 10 years. It is thus recommended to choose T=200 years as a threshold for the 

uncertainty analyses (and the corresponding GEV shape parameter ɗ=0.0427, see Figure 

38). 
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Figure 38 Estimated return values for return periods of 1000 (red), 10  (green) and 4.10  (blue) years, with the 

97.5% quantile according to the fixed GEV jackknife fit for different thresholds T (dashed). 

 

B.2 Conclusions 

1 When fitting a 3-parameter GEV distribution with the shape parameter fixed to an optimal 

value, the fit is insensitive to the threshold T if this threshold is larger or equal to 10 years 

and lower than 2000 years. 

2 The average of the jackknife fits corresponds well with the reference line for T=100 years. 

3 The uncertainties of the fixed-GEV based fits for T=100 also corresponds well with the 

uncertainty as directly derived from the jackknife runs for return periods between 100 and 

1000 years. For larger return periods, the uncertainty of the fixed-GEV based fits is 

smaller. 

4 The lower limit of the fixed-GEV-based uncertainty range increases monotonically, which 

is desirable from a physical point of view. 

5 We therefore apply a GEV distribution with a fixed shape parameter ɗ=0.06 to all 

jackknife maxima in blocks of 100 years (i.e., using 200 maxima per jackknife run). 
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C Flood hydrographs for all discharge classes 

Below, we show the figures for the flood hydrographs for all classes, separated for the current 

climate and the future climate. The flood hydrographs have been simulated with the 

SOBEK3-1D2D model with the HBV96/SOBEK-1D discharges as input.  

 

These figures also show the number of underlying flood events used for calculating the 

average flood waves. 

C.1 Absolute values 

 

Figure 39  Flood hydrographs for the Vecht at Dalfsen, for all flood waves below 400m3/s. 

 

Figure 40 Flood hydrographs for the Vecht at Dalfsen, for all flood waves between 400 and 450 m3/s. 
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Figure 41 Flood hydrographs for the Vecht at Dalfsen, for all flood waves between 450 and 500m3/s. 

 

Figure 42 Flood hydrographs for the Vecht at Dalfsen, for all flood waves between 500 and 550 m3/s. 

 

Figure 43 Flood hydrographs for the Vecht at Dalfsen, for all flood waves between 550 and 600m3/s. 
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Figure 44 Flood hydrographs for the Vecht at Dalfsen, for all flood waves between 600 and 650 m3/s. 

 

 

Figure 45 Flood hydrographs for the Vecht at Dalfsen, for all flood waves between 650 and 700m3/s. 

 

Figure 46 Flood hydrographs for the Vecht at Dalfsen, for all flood waves above 700 m3/s. 




