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Summary
The wind statistics presently used for the design and safety assessment of dikes and dunes in
the Netherlands are based on measured time series with a length of approximately 40 years.
Extrapolation to return periods of 100.000 years yields considerable statistical uncertainty.

The ambition is to use long-term synthetic wind time series to derive wind statistics for the
inland water bodies as Lake IJssel. However, the spatial resolution of these long-term
timeseries like RACMO (2416 years available, 12 km x 12 km resolution) is too low. On the
other hand, high resolution wind models like HARMONIE require too much computational effort
to provide these long time series.

The goal of the present study is to investigate whether a useful method can be derived to
determine wind statistics above inland waters. Presently, for Lake IJssel a translation of the
Schiphol wind statistics, based on observations over land, is made.

First, we compare DOWA/HARMONIE data to observations during 18 storms to find out that
the model performance at Lake IJssel is quite good (+4% bias). HARMONIE gives a slight
underestimation for wind speeds below roughly 15 m/s and a slight overestimation for the
higher wind speeds. Next, we compare for 28 (other) storms the RACMO and HARMONIE wind
with each other. We use the RACMO data at one location in the center of Lake IJssel and
compare it with various HARMONIE locations, including the location closest to the RACMO
location. The ratio between RACMO and HARMONIE is used as correction factor to translate
RACMO wind to HARMONIE quality ànd to various HARMONIE locations. The correction
factors are between 0.9 and 1.1. For the RACMO location the factor is 1/0.932, meaning that
the HARMONIE wind is 7% higher than the RACMO wind at that location.

The extreme value analysis on 2416 years of original RACMO wind provides wind statistics
that turn out to be lower than the actual wind statistics based on the 40 years of observations.
Applying the correction factor on RACMO shifts the wind statistics closer to the actual statistics.

The use of long-term synthetic wind data to derive wind statistics for hydrodynamic modelling
for the safety assessment of dikes is promising.
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Nederlandstalige samenvatting

De huidige windstatistiek voor het ontwerp en de toetsing van de waterkeringen is gebaseerd
op ongeveer 40-jarige meetreeksen. Extrapolatie naar herhalingstijden van 100.000 jaar brengt
statistische onzekerheden met zich mee.

Er zijn ambities om windstatistiek voor binnenwateren zoals het IJsselmeer te baseren op lange
synthetische windreeksen maar de ruimtelijke resolutie van dit soort reeksen zoals RACMO
(2416 jaar, 12 km x 12 km) is te laag hiervoor. De hoge resolutie windmodellen zoals
HARMONIE zijn echter te rekenintensief om dit soort lange reeksen te produceren.

De huidige studie heeft als doel om te onderzoeken of een bruikbare methode ontwikkeld kan
worden om windstatistiek voor binnenwateren af te leiden. Momenteel gebruikt men voor het
IJsselmeer een vertaling van de Schiphol-windstatistiek die gebaseerd is op windmetingen
boven land.

Eerst vergelijken we DOWA/HARMONIE resultaten met metingen van 18 stormen waaruit blijkt
dat HARMONIE vrij goed presteert (+4% bias). Onder de 15 m/s geeft HARMONIE een
bescheiden onderschatting, daarboven een kleine overschatting.

Vervolgens vergelijken we voor 28 (andere) stormen RACMO en HARMONIE wind met elkaar.
Hierbij gebruiken we van RACMO één locatie in het midden van het IJsselmeer en vergelijken
met diverse HARMONIE locaties, inclusief de dichtstbijzijnde HARMONIE locatie. De
verhouding tussen RACMO en HARMONIE gebruiken we vervolgens als correctiefactor om de
RAMCO wind te vertalen naar HARMONIE kwaliteit en naar diverse HARMONIE locaties. De
correctiefactoren variëren tussen 0.9 en 1.1. Voor de RACMO locatie is de verhouding 1/0.932,
dus de HARMONIE wind is daar gemiddeld 7% hoger dan de RACMO wind.

De windstatistiek op basis van 2416 jaar originele RACMO tijdseries is lager dan de huidige
statistiek die gebaseerd is op de meetreeksen van orde 40 jaar. Door de gevonden
correctiefactor toe te passen komt de langjarige RACMO statistiek dichter bij de huidige
statistiek te liggen.

Het gebruik van lange synthetische windreeksen om statistiek af te leiden voor de
hydrodynamische modellering ten behoeve van de beoordeling van waterkeringen is
veelbelovend.
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1 Introduction

1.1 Background
The design and safety assessment of dikes and dunes in The Netherlands require the
knowledge of the height of water levels and waves under extreme conditions. The wind plays
an important role. The wind statistics in the presently used instrumentation for design and safety
assessment (BOI, in Dutch) is based on measured time series with a length of approximately
40 years. Whereas extreme wind velocities with return periods of more than 100.000 years are
required, the extrapolation from 40 to 100.000 years yields a large statistical uncertainty.
Furthermore, the accuracy of the rather simple approach - as used in BOI now - for translating
the Schiphol wind to Lake IJssel, is limited (see also Caires et a., 2012). These are the two
main motivations for investigating a new method for deriving wind statistics.

Recently KNMI (2019) investigated synthetic time series of wind and water levels along the
Dutch coast, based on ECMWF seasonal forecasts and successive WAQUA computations.
They significantly reduce the statistical uncertainty compared to extrapolation of 40 years
timeseries, probably at the cost of increased model uncertainty, though the latter has not been
investigated yet. The ambition is to apply the synthetic time series also for the inland water
bodies as Lake IJssel and use the wind statistics based on that, instead of the presently used
measurement-based statistics. For large water bodies as the North Sea the coarse resolution
of the ECMWF seasonal forecasts (50-100 kilometers) and DCSM5 leads to reasonable results,
though KNMI (2019) pleas for a small correction of a few percent. For estuarine regions and
lakes like Lake IJssel and Lake Marken the applicability of these coarse models is questionable.
The model uncertainty will probably be large.

Ec-Earth is a global climate model system, based on the forecast model of ECMWF. The
resolution of the model is 125 km. For details see www.ec-earth.org. In its present setting
sixteen realizations of the period 1950-2100 have led to a 2416 years time series. Direct use
of the Ec-Earth data as basis for new wind statistics in Lake IJssel is not useful. Therefore, the
KNMI downscaled this entire Ec-Earth set with the RACMO model to 12 km resolution which
required enormous computational effort. The regional climate model RACMO is based on the
weather model HIRLAM. Probably the resolution of RACMO is still too coarse for large lakes
as Lake IJssel and Lake Marken. KNMI (2019) examined the use of HARMONIE as a
downscaling of the Ec-Earth and RACMO data in the North Sea. Computing a 2416 years time
series with HARMONIE is not possible due to excessive computational time. However,
determining a correction coefficient for RACMO based on HARMONIE computations for a few
storms seemed to be a promising step. A similar approach will be examined for Lake IJssel and
Lake Marken in this study.

1.2 Goal of the study
The goal of the study is twofold:
1 Evaluate the HARMONIE and RACMO downscaling by comparing HARMONIE with

observations and RACMO with HARMONIE.
2 Make a proposal how to determine the wind statistics above Lake IJssel and Lake Marken,

based on synthetic time series.
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1.3 Scope
The goal of the present study is only to investigate whether a useful method can be derived to
determine wind statistics above inland waters. It is not within the scope of this study to derive
new wind statistics, ready to be applied within the design and safety assessment
instrumentation. A variety of choices will be made in the present study which require further
verification and optimization. This is a first step towards new wind statistics. The considered
area is Lake IJssel and Lake Marken, not the narrow 'Randmeren'.

Although wind fields are spatially nonuniform, the wind fields for hydrodynamic and wave
modelling are often considered as uniform. The wind statistics itself are location dependent.
How to use these location dependent statistics in combination with the spatial variation of wind
fields is beyond the scope of the present study.

1.4 Approach
To reach both goals we use the following approach:

1 Determine the downscaling quality of HARMONIE by comparing HARMONIE results
during a selection of storms with measured wind velocities in Lake IJssel:

a. Select approximately 20 storms in the period that wind measurements are available.
Typical criteria being used are high wind speeds in the center of Lake IJssel and
variability over the wind directions.

b. Downscale the ERA-5 wind fields of these storms with HARMONIE. For practical
reasons we applied the DOWA data (Dutch Offshore Wind Atlas).

c. Analyse the HARMONIE/DOWA data in comparison with the measurements.

2 We make a proposal to determine Lake IJssel wind statistics and briefly validate the
statistics

a. Select approximately 30 storms from the RACMO set
b. Downscale the selected RACMO storms with HARMONIE
c. Compare the RACMO and HARMONIE data for these 30 storms and determine location

dependent correction factors for the RACMO data (eventually per wind sector).
d. Determine the wind statistics based on the RACMO data
e. Apply correction factors on wind statistics determined in step d.
f. Compare the newly derived statistics with the potential wind statistics, that is translated

form Schiphol to Lake IJssel.

1.5 Meteorological models
In this report various meteorological models and datasets are mentioned. Below a brief
explanation is given. Most information is taken from KNMI, 2019a.

- EC-Earth EC-Earth is a world-wide climate model system and is based on the ECMWF
weather model. It has become a prominent state-of-the-art model within the
European landscape of Earth System Models (ESMs). ESMs are tools that
integrate all our knowledge on the Earth system and can be used to address
scientific hypothesis on climate and environmental change. The sixteen
ensembles of the period 1950-2100 form a dataset of wind speeds and direction
covering 2416 years. The spatial resolution is 125 km, output is given at every
three hours.
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- ERA-5 This is a re-analysis dataset (including assimilation of observations) of 1979-
current based on the ECMWF weather model. The spatial resolution is 35 km,
the temporal resolution is 1 hour.

- RACMO KNMI's Regional Atmospheric Climate Mode (RACMO) is based on the
HIRLAM weather model and uses the ECMWF weather model for boundary
conditions. The resolution is 12 km and 5 minutes. The archived output is three-
hourly. The sixteen ensembles of the period 1950-2100 form a dataset of
(amongst others) wind speed, wind stress and wind direction covering 2416
years. EC-Earth provides 3 hourly boundary conditions for RACMO. The
RACMO domain consists of 222 x 216 grid points, covering the part of Europe
between Icelands and Albania. RACMO uses a wind drag formulation which
has originally been derived from Charnock, but ends up quite differently (see
also Figure 3.2). It has been limited for high wind speeds.  Additional information
on RACMO can be found in Van Meijgaard et al. (2008).
Note that RACMO has been rerun for 28 storms (see 3.1) to provide boundary
conditions for HARMONIE, giving output with a one-hour time step. These extra
runs may slightly differ from the long term RACMO series as they concern a
restart.

- HARMONIE This is one of the operational weather models of the KNMI. It is a high resolution
(2.5 km x 2.5 km) non-hydrostatic model. HARMONIE gets it boundary
conditions from ECMWF. The time resolution is 10 minutes, the output is hourly.
The standard roughness formulation above sea is ECUME. Above lakes and
rivers it is Charnock with α=0.015.

- DOWA The Dutch Offshore Wind Atlas (DOWA) provides a 10 year (2008-2017) wind
climatology for the North Sea and around. The boundary conditions come from
ERA5, the weather model is HARMONIE. The daily files at 10-600 heights of
all 2.5 km gird points of the DOWA database are available via
https://data.knmi.nl/datasets/dowa_netcdf_daily_3d/1.

- HIRLAM This is one of KNMI's two operational weather models, soon to be phased out.
HIRLAM has a spatial resolution of circa 11 km x 11 km. It uses ECMWF for
the boundary conditions.

Note that the downscaling from EC-Earth via RACMO to HARMONIE is different from the
System4/5 datasets with seasonal forecasts. The reason for not using these seasonal forecasts
(which have higher resolution and cover a longer period) is that the 3d fields - which are
required for the RACMO downscaling - have not been stored.

1.6 Project team
The project team consists of KNMI and Deltares employees with expertise in wind modelling,
hydrodynamics and extreme value analysis.

Caroline Gautier and Jacco Groeneweg (Deltares) performed the present study. Henk van den
Brink (KNMI) provided the KNMI data and gave useful suggestions with respect to the analysis
performed and the reporting. He also carried out the QA of the report.
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2 Performance HARMONIE

2.1 Introduction
In this chapter wind speeds from HARMONIE are compared with wind speed observations at
Lake IJssel. The HARMONIE winds are downloaded from the DOWA database (see
www.dutchoffshorewindatlas.nl). This chapter describes the selection of storms, the sources of
observations and model data, and the comparison between the observations and the model
data, presented in statistical parameters. The comparison is on a practical, rather than on a
scientific level.

2.2 Selection of storms
In order to judge the performance of HARMONIE at Lake IJssel, eighteen relevant storms have
been selected for which both HARMONIE data and wind observations are available.  For
practical reasons, the HARMONIE data has been taken from the DOWA database (Dutch
Offshore Wind Atlas) which covers the 10 years from 2008 till 2017, so that the selected storms
had to be within that period too.

The observed data has been taken from WebWAVES (http://demo.xi-
alles.nl/webwaves/nl/chart/?site=YSM), a website developed by Xi advies for Rijkswaterstaat,
which gives access to water level, wave and wind observations at Lake IJssel. Nine locations
in Lake IJssel and Lake Marken have suitable wind observations (FL09 , FL02, FL46,
FL42, FL37, FL26, FL47, FL48, FL49). Furthermore, hourly data at KNMI locations Wijdenes
(WIJD), Berkhout (BRH), Stavoren (STA), Lelystad (LEL) and Houtribdijk (HRD) have been
taken from the KNMI website (https://www.knmi.nl/nederland-nu/klimatologie/uurgegevens).
Note that the wind resolution in the files of these KNMI locations is 1 m/s whereas it is 0.1 m/s
for the other locations. KNMI offered to provide these datasets also with 0.1 m/s resolution but
that is too late for the present study. All locations are indicated in Figure 2.1.

Based on timeseries per year, the most severe storms have been selected, considering also
the amount of available locations; A storm observed at various locations is more interesting
than a storm recorded by just one measurement station. The wind direction is considered to
prevent that all selected storms cover one sector only. Lists like 'https://www.knmi.nl/nederland-
nu/klimatologie/lijsten/zwarestormen' and 'http://publicaties.minienm.nl/documenten/
stormseizoenverslag-ijsselmeer-vanaf-2007-tot-2016' have also been consulted. The storms
are listed in Table 2.1. Columns 8, 9, 10 list the main locations which have data for that specific
storm.
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nr year month day overa
ll dir

dir
during
peak
[˚N]

max
at
HD*
[m/s]

near FL2,
FL9

near
FL26

near
FL47

remarks

1 2008 11 21 NW 10 21 FL2 FL26

2 2010 11 11 Z 180 20 FL2, FL9 - -
3 2011 12 7 W/ZW 270 20 FL2, FL9 - FL47, FL48, FL49 2 peaks

4 2012 1 3 ZW 210 22 FL2, FL9 - FL47, FL48, FL49

5 2012 9 24 ZZW 210 21 FL2, FL9 - FL47, FL48, FL49
6 2013 3 23 O 90 19 FL2, FL9 - FL47, FL48, FL49

7 2013 10 27 ZW 240 27 FL2, FL9 - FL47, FL48, FL49
8 2013 12 5 ZW-

NW
240 22 FL2, FL9 - FL47, FL48, FL49 Mandela storm; steep

(in time)
9 2014 2 15 ZW 210 19 FL2, FL9 - FL47, FL48, FL49
10 2014 10 22 NW 200 16 FL2, FL9 - FL47, FL48, FL49

11 2015 3 30 WNW 270 22 FL2, FL9 - FL47, FL48, FL49
12 2015 7 25 NW 300 22 FL2, FL9 - FL47, FL48, FL49 During summer, steep

(in time)
13 2015 11 18 W 260 23 FL2, FL9 - FL47, FL48, FL49
14 2016 2 8 ZW 230 21 FL2, FL9 - FL47, FL48, FL49

15 2016 11 20 ZZW 210 23 FL2, FL9 - FL47, FL48, FL49

16 2017 2 23 ZW 240 23 FL2, FL9 - FL47, FL48, FL49 fast decrease, followed
by 18 m/s

17 2017 6 7 ZW 230 21 FL2, FL9 - FL47, FL48, FL49
18 2017 9 13 ZW-W 250 23 FL2, FL9 - FL47, FL48, FL49 KNMI's top 63

Table 2.1 Selected storms *) HD=Houtribdijk
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Figure 2.1 Wind measuring locations (pentagon markers) The grid is the DOWA grid, with the nearest grid points
marked in (in that order) red, yellow, green, blue circles. HD=Houtribdijk; LS=Lelystad; WIJ=Wijdenes;
BH=Berkhout; ST=Stavoren. Location SL29 is not considered, FL25 had no relevant data

The observations at the lake locations were available with a 20-minute time step, averaged
over 20 minutes. The time stamp marks the start of these 20 minutes. To assess one-hour
average values, in order to be consistent with the DOWA data and measurements at the KNMI
locations, we averaged over three 20-minute values around the full hour time stamp (so the
data covers one hour considering data with time steps from 20 minutes before the full hour till
20 minutes after the full hour). Originally, times are in CET but in order to be consistent with
the DOWA data, this has been adjusted to UTC by subtracting 1 hour. For the KNMI locations
we used the one-hour averaged wind velocities. Note that the one-hour time step of the DOWA
data does not necessarily mean that these values concern one-hour averaged wind speeds but
in practice they are considered as being one-hour averaged (pers. communication S.Caires).

The observation location FL46 made a large move in 2009 from the IJmeer to halfway
Houtribdijk-NoordOostPolder. No data from FL46 at IJmeer is used in this study.
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2.3 Application of DOWA dataset
The DOWA dataset provides a 10-year (2008 to 2017) wind climatology for the North Sea,
based on re-analysis ERA5 and mesoscale weather model HARMONIE (Cycle 40h1.2.tg2).
DOWA stands for Dutch Offshore Wind Atlas. The daily files at 10-600 heights of all 2.5 km gird
points of the DOWA database are available via
https://data.knmi.nl/datasets/dowa_netcdf_daily_3d/1. For each storm the daily data, with one-
hour timestep, were downloaded for the day of the peak of the storm and the two days prior
and after this day. Only the wind at the lowest vertical level (being 10 m above the surface) is
considered. The time convention is UTC. Subsequently the four nearest locations to each wind
measuring location were sought, see Figure 2.1 (nearest grid points marked in red, yellow,
green and blue circles).

2.4 Comparison of HARMONIE wind with measurements
In this section the HARMONIE and measured data have been compared by considering the
time series, generating scatter plots, over all wind directions and divided over a number of wind
sectors, and by distinguishing between land and water stations.

1. Time series
The first comparison of the HARMONIE wind with the measured data is qualitative and
concerns time series plots per storm and location. Both wind speeds (black line) and directions
(dots) at 10 m height have been considered.  In Figure A.2.1 in Appendix A, a selection of time
series has been presented. The plots cover only the last four days of each five-day storm event.
The various colored lines refer to the four DOWA grid points nearest to the observation
locations (order red, yellow, green, blue). In most cases the difference between these four
locations is limited and therefore only the nearest (red) locations will be considered. More about
this variation in Section 3 (division by wind sectors) in this paragraph. Only at locations FL49
and Lelystad the scatter is quite large.

The time series indicate a good agreement between HARMONIE and the measurements. In
the next section the differences are quantified.

2. Scatter plots
Figure 2.2 presents a scatter plot of the HARMONIE wind speed versus the measured wind
speed (at 10 m height; 1 hour averaged). Only the nine lake locations are included since the
observed wind at the KNMI locations along the shore have another resolution (m/s instead of
dm/s). There is a modest trend where HARMONIE overestimates high windspeeds (>20 m/s)
and underestimates lower windspeeds (<15 m/s).
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Figure 2.2: Classified scatter plot of HARMONIE wind (Y) versus observed wind (X); 9 lake locations, 18 storms

In the scatter plot of Figure 2.3 each individual record is plotted as grid point instead of the
classified scatter plot of Figure 2.2. It makes the slightly curved shape of the data cloud better
visible. The different colours indicate the different locations (left panel) and directional sectors
of 45˚ (right panel). Furthermore, the linear fit is included (solid lines), indicating a slight
underestimation overall. The division in directional sectors is further analysed in the next
section.

Figure 2.3 Scatter plot per location (left) and per wind sector (right) of HARMONIE wind (Y) versus observed wind
(X); 9 lake locations, 18 storms (# refers to the number of observations)

Table 2.2 below presents the statistics including the KNMI stations near Lake IJssel. Note that
the scatter plots contain all observations whereas in the statistics a threshold value of 5 m/s
has been applied. This means that only moments in time have been considered with observed
wind speed equal to or above 5 m/s. This is a choice. If the threshold would be applied to both
observed and HARMONIE data, the bias might be slightly different. Also, the choice of another
threshold value may lead to different results. The statistics for 'all locations' are based on the
combined dataset of all locations so that locations with more data points get automatically more
weight. The definition of the statistical parameters is given in Appendix B. The values of the
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correlation coefficient are slightly smaller than the findings by TNO, 2019 for the North Sea,
which is not surprising since the spatial and temporal variation in Lake IJssel is - due to the
land-sea transitions - larger than on the North Sea, making it a more challenging area for wind
modelling. The relative biases at Lake IJssel locations are also slightly larger.

location relative
bias
[%]

rmse
[m/s]

scatter
index
[%]

correlation
coefficient

R
R2 #

09 -0.7 1.5 13.6 0.93 0.87 1814
02 -2.0 1.6 14.2 0.92 0.84 1890
46 -3.2 1.6 13.5 0.92 0.85 647
42 -3.0 1.5 13.0 0.94 0.87 1602
37 -3.5 1.7 15.2 0.90 0.81 93
26 -6.8 1.8 15.1 0.90 0.82 92
49 -9.6 1.6 12.0 0.95 0.90 1657
48 -7.4 1.6 12.2 0.95 0.90 1708
47 -0.7 1.5 13.4 0.94 0.88 1745
BRH -2.0 1.4 15.6 0.93 0.86 1668
HRD -9.3 1.9 13.5 0.92 0.85 1964
LEL 24.6 2.9 23.8 0.87 0.76 1647
STA 0.1 1.5 15.1 0.93 0.86 1821
WIJ 24.8 3.7 31.5 0.68 0.46 1610
All locations 0.0 2.0 18.8 0.88 0.77 19958
All locations*) -3.9 1.6 14.1 0.93 0.86 16701

Table 2.2: Statistics HARMONIE wind (Y) vs observed wind (X); negative relative bias means that HARMONIE
underestimates the wind velocity. *) All locations except for Lelystad and Wijdenes

The scores at locations Lelystad (LEL) and Wijdenes (WIJ) deviate considerably from the other
locations. They show a large positive bias of more than 20% whereas all the other locations
show a modest underestimation. A too small land roughness in the model could lead to
overestimated wind speeds. However, the other land-based stations do not show this error.
The relatively large underestimation of location Houtribdijk (HRD) is probably due to the
disturbing effect of the dike that results locally in too high observed wind velocities.

The root mean square error is between 1.4 and 1.9 m/s except for Lelystad and Wijdenes again,
with respectively 2.9 and 3.7 m/s as RMSE. The scatter index, which is for most locations
between 13 and 15% is about twice as high at Lelystad and Wijdenes. For the overall statistics
we therefore exclude Lelystad and Wijdenes, resulting in -3.9% bias, 1.6 m/s rmse and 14.1%
scatter index. This is based on 16701 values. The number of records per location is roughly
between 1600 and 1900, except for locations 26 and 37, which have merely less than 100
values.

3. Division by wind sectors
Figure 2.3 showed that for some directional sectors the HARMONIE data is closer to the
observations than for others. In Figure A.2.2.a in Appendix A, these directional scatter plots are
presented per location. The colored lines refer to the linear fit per directional sector and the
black line to the overall fit. There is no observed wind direction data available for location FL37.
In general, for the western sectors the model performance of HARMONIE is better than for the
eastern sectors which occur far less. Wind speeds from the sector 0° to 45˚ are often
underestimated by HARMONIE, but these wind velocities are rare and in general low. The
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scatter plots for the four KNMI land locations along the shore and location Houtribdijk can be
found in Figure A.2.2.b in Appendix A. Due to the lower resolution of the observed wind speed,
these plots look 'striped'. Moreover, there is more variation in model performance when
discriminating for wind direction.

At Wijdenes, just north of Lake Marken there are more or less two data clouds. When the
observed wind is from Lake Marken (directions between 135 and 225˚) the HARMONIE wind
represents the observations quite well but for wind directions between 225 and 360˚ (so from
the land!) HARMONIE significantly overestimates the wind velocity. This could imply that the
land roughness in HARMONIE is lower than it should be. At location Lelystad, which is not
close to the shore, HARMONIE overestimates almost all measurements from all directions
(except for the pink sector (0-45˚) which represents only 18 moments).  Here again the land
roughness may play a role. The overestimation is most when the wind comes from the SE.

4. Land versus water stations
The timeseries (Figure A.2.1 in Appendix A) indicated already that for some storms and
locations there is more variation between the nearest DOWA points than for others. If we take
a better look at locations FL48 and FL49, the latter is closer to shore, see Figure 2.4. The blue
location is most far from the measuring location, but for location FL48 the green one is further
offshore and for location FL49 the green one is further on land. For the NW storm 12 (July
2015) we see that for location FL49 the green line (the land location) is too low compared to
the observed wind and that for location FL48 the green line (the offshore location) is too high.
In general, we see that for location FL49 the HARMONIE wind at the yellow location which is
just offshore is often slightly higher than the nearest red HARMONIE location which is closer to
the land. Whether this is better or not is hard to say; For storm 12 the wind at the yellow location
is closer to the observations, but for storm 13 (WSW) red is better than yellow. Note that for
storm 6 (March 2013, eastern wind) the scatter in wind velocity between the four locations
around location 49 (approximately 3 m/s) is larger than in most other situations.

Figure 2.4:  Measuring locations FL49 (left) and FL48 (right), indicated by the asterisk and the four nearby locations
in order of distance (red, yellow, green, blue)

A general conclusion for all measuring locations is hard to draw, for some situations there is
just more scatter in the HARMONIE wind velocity between the four nearest locations than in
others. In the analysis we consider the 'red' DOWA locations closest to the observation location,
but it is more relevant to choose a DOWA location above the water than above the land, even
if that lake location is (slightly) further away. Lelystad is the only location that shows in all
situations large scatter in the order of 4 m/s. At Lelystad the HARMONIE wind of the green
location is mostly closer to the observations than the red location.



Towards a concept of deriving wind statistics over inland waters

11203719-002-GEO-0001, November 29, 2019, final

12 of 35

2.5 Quantile plot
In Figure 2.5 a quantile plot is given, showing the first to 99.99th percentiles of the DOWA data
and the observations, only for the nine lake locations. The first percentile is the value of the
wind speed below which 1% of the data fall. The 99.99th percentile is the value of the wind
velocity below which 99.99% of the data fall. As in the scatter plot we see a slight
underestimation of the lower wind velocities below circa 15 m/s and a slight overestimation for
the higher wind velocities.

Note that in the scatter plots and error statistics, the range of values where most of the
data falls gets the most weight. Since this is mostly in the lower values, usually the found
relations are biased to the errors in the lower ranges of the data. In the quantile plots the fits
are to the chosen percentiles, therefore no extra weight is given to the lower ranges of the data
and the obtained fits generally calibrate better the higher values (for which errors are generally
larger).

Figure 2.5: Quantile plot of wind velocity by DOWA (y-axis) and observations (x-axis)

2.6 Conclusions
At various locations at Lake IJssel, wind observations are available for the eighteen selected
storm periods so that the quality of the HARMONIE model data for these periods could be
assessed. The HARMONIE model data is taken from the DOWA dataset (Dutch Offshore Wind
Atlas).

Overall, the HARMONIE model performance at Lake IJssel is quite good. There is a modest
underestimation (relative bias) of almost 4% by HARMONIE. The root mean square error is 1.6
m/s and the scatter 14%. This is excluding locations Lelystad and Wijdenes which are both
outliers compared to the other twelve locations.

We assessed error statistics based on all wind velocities above 5 m/s, concerning most
locations on and along Lake IJssel. It is suggested to focus more on higher wind velocities and
possibly calibrate the HARMONIE data based on the quantile plot fit. There is a modest trend
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that HARMONIE overestimates high windspeeds (>20 m/s) and underestimates lower
windspeeds (<15 m/s).

We took just the HARMONIE-grid points closest to the observation locations. In some cases
near shore, there is significant variation between the wind of nearby grid points so that - for a
more accurate comparison - it is suggested to choose the proper grid point depending on wind
direction and land roughness. Since the HARMONIE resolution is 2.5 km x 2.5 km, the wind
with fetches within these distances will be less reliable.

Based on the model performance at Wijdenes, just north of Lake Marken, it seems that the land
roughness of this area in HARMONIE is lower than it should be. When the observed wind is
from Lake Marken (directions between 135 and 225˚) the HARMONIE wind represents the
observations quite well, but for wind directions between 225 and 360˚ (so from the land!)
HARMONIE significantly overestimates the wind velocity. However, this phenomenon does not
apply to all locations.
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3 Correction factors for RACMO based on HARMONIE

3.1 Introduction
Although the HARMONIE winds resemble the observed wind speeds quite well and the spatial
resolution is high, HARMONIE is not suitable for deriving wind statistics since the available time
series are relatively short. The timeseries of the RACMO model, which is a regional wind model
driven by boundary conditions from EC-Earth, cover 2416 years but the spatial resolution is
lower than HARMONIE's.

In this chapter we compare the RACMO and HARMONIE winds during 28 storms in order to
find correction factors for the RACMO winds, upgrading them to HARMONIE quality. Initially
we do this for the RACMO location in the center of Lake IJssel (see Figure 3.1; loc 1), comparing
it with the nearest HARMONIE grid point. The 28 storms have been selected by KNMI1 (KNMI,
2019b). KNMI also provided the HARMONIE data. To provide the boundary conditions for
HARMONIE, the selected 28 storms have been rerun with RACMO. Since a restart has been
used for this, the RACMO results of these storms are not identical to the RACMO results of the
original 2416 years of data.

Next, the relation between the winds at the central RACMO location and various HARMONIE
grid points along the Lake IJssel banks (also indicated in Figure 3.1; loc 2 - 7) is assessed,
resulting in spatially dependent correction factors.

The 28 storms are ('Nr_Member_YYYYMMDD'):
    '044_M14_20130127' '045_M07_20521209'
    '046_M01_20400130' '047_M14_19591103'
    '048_M08_20431203' '049_M02_20630116'
    '050_M16_19561208' '051_M09_20871122'
    '052_M16_20000109' '053_M04_20991112'
    '056_M04_20300118' '057_M12_20620112'
    '058_M11_20081015' '059_M10_20320203'
    '060_M02_19821220' '061_M11_20301216'
    '062_M14_19731122' '063_M09_20961229'
    '064_M16_20540318' '065_M02_19680128'
    '066_M02_20670209' '067_M08_19821123'
    '068_M11_20231122' '069_M14_19971224'
    '070_M07_20401222' '071_M12_19940107'
    '072_M01_20390214' '073_M14_20750207'

1 Note that thunder storms are not properly resolved by RACMO and therefore not present in the selected storms.
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Figure 3.1: left: RACMO location (cyan pentagon), HARMONIE grid (.) and selected HARMONIE locations (seven
numbered blue/white pentagons); right: part of the RACMO grid, colours indicate land fraction.

3.2 Comparison RACMO and HARMONIE at Lake IJssel

Wind parameters
The comparison of RACMO and HARMONIE concerns the wind velocity at 10 m height, as
provided by the models. The wind stress at the water surface is also available but will not be
considered in this chapter. Note that RACMO uses another wind drag formulation than the
HARMONIE model, which may contribute to part of the possible differences between the
RACMO and HARMONIE wind velocities. See the green and red lines in Figure 3.2.
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Figure 3.2: Drag coefficients. source: KNMI, 2019a

Timing
The time step of HARMONIE is 10 minutes and the output is hourly. The RACMO output is
three-hourly. For the comparison, the HARMONIE time series have been adjusted by averaging
over the three HARMONIE moments which are no more than one hour apart from the RACMO
time stamp. It is uncertain whether this time averaging is more precise than just taking the
nearest value and what the effect is on the final results. It is advised to validate the choice of
applying averaging in a later stage. Each of the 28 considered storm periods covers eleven
days.

Locations
The central RACMO location is (5.47°E, 52.74°N). We selected this location since it has the
smallest land fraction (see right hand side of Figure 3.1) of all RACMO locations in Lake IJssel.
The nearest HARMONIE location is (5.4579°E, 52.7437°N), which indices are row 535, column
290.

Time series plots
For one storm, the plot below (Figure 3.3) shows the time series of RACMO and HARMONIE
for various wind parameters, merely as a qualitative check to see if directions and timing are
right. Also, the effect of averaging the HARMONIE data to the 3-hour time step is visible. The
HARMONIE wind components are called 'ZON10M' and 'MER10M', which are respectively U10
and V10 ('zonal' and 'meridional' 10m wind). The stresses of HARMONIE are called FMU and
FMV. They have been multiplied by -1 to give them the same direction as the RACMO stresses.

In this example the differences between RACMO and HARMONIE occur mainly in the east-
west component of the wind velocity. Qualitatively, the timing is right and also the 3-hour
averaging of HARMONIE is generally good.
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Figure 3.3 Time series of wind velocity and wind stress by RACMO and HARMONIE (storm 4 member 14; Nov
1959); U10 (blue-ish); V10 (red-ish); Ustr (green-ish); Vstr (yellow-ish).

Scatter plot
Figure 3.4 presents the scatterplot of wind velocity during the 28 storms (2436 data points),
indicating a slight underestimation (-7%) by RACMO compared to HARMONIE. Note that most
of the data concerns moderate wind velocities below 10 m/s. At the extremes the scatter is
quite large. One of the possible reasons is the fact that HARMONIE was downscaled from
another RACMO run (namely a restart run) than the original RACMO where it is compared to
in this scatter plot. Furthermore, a high resolution model like HARMONIE may resolve storms
on slightly different timing and location than the RACMO model which has much larger grid
cells. A comparison on just one location could therefore show much scatter whereas the
maximum wind velocities during the storm might only vary a little in time and place.

The statistical parameters can be found in Table 3.1. The quantile plot of the HARMONIE and
RACMO data can be found in Figure 3.5.
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Figure 3.4 Scatterplot RACMO versus HARMONIE based on 28 storms at location 1

Figure 3.5 Quantile plot of wind velocity by RACMO (y-axis) and HARMONIE (x-axis)  for location 1

3.3 Effect of wind direction
In Figure 3.6 the scatterplots of RACMO versus HARMONIE wind velocity are given per
directional sector of 45˚ each. In the first subplot all directions are considered, in the other plots

[m/s]
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the wind from NE, E, … up to N are considered. For this division the wind directions by
HARMONIE are considered. In general, the model behaviour does not differ much between the
directions, only in the number of occurrences, see also Table 3.1. The directional sectors that
do differ have the least number of occurrences and are therefore less reliable as well as less
relevant.

The conclusion is that it is not necessary to discriminate in directions when comparing RACMO
and HARMONIE winds for the central Lake IJssel location.

Figure 3.6 Scatter plots wind velocity U10 by RACMO versus HARMONIE for eight directional sectors and for all
sectors combined (first plot)
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dir
sector

RAC/
HAR

bias relative
bias

rmse scatter
index

CC #

[-] [m/s] [%] [m/s] [%] [-] [-]
1) ALL 0.927 -0.8 -7.3 1.6 13.3 0.943 2436
2) NE 0.994 -0.0 -0.6 2.1 41.3 0.541 37
3) E 0.925 -0.5 -7.5 1.2 17.4 0.941 54
4) SE 0.912 -0.7 -8.8 1.5 17.4 0.930 65
5) S 0.934 -0.7 -6.6 1.2 9.3 0.954 465
6) SW 0.925 -0.9 -7.5 1.7 12.1 0.946 885
7) W 0.930 -0.8 -7.0 1.6 12.3 0.949 749
8) NW 0.887 -1.2 -11.3 2.5 21.4 0.899 140
9) N 1.025 0.2 2.5 2.8 42.4 0.903 41

Table 3.1: Statistical parameters RACMO (y) and HARMONIE (x) wind velocity U10 during 28 storms at central
Lake IJssel location for various directional sectors. No threshold (# = number of data points)

3.4 Effect of threshold
The underestimation of RACMO compared to HARMONIE decreases for increasing wind
velocities, see Table 3.2. The relative bias decreases from -7% when no threshold is applied
to -3% when only wind velocities higher than (or equal to) 15 m/s are considered. However, in
the latter case the number of datapoints is only 238 and the correlation is also less. This makes
the larger threshold value less suitable. On the other hand a large threshold is a good way to
include only wind conditions which are relevant for water safety issues. This pleads for
additional storms to be downscaled so that a larger threshold can be applied with sufficient
data. Note that the smaller scatter index when applying this 15 m/s threshold is the effect of the
smaller data set rather than of better data agreement.

thres-
hold

RAC/
HAR

bias relative
bias

rmse scatter
index

CC #

[m/s] [-] [m/s] [%] [m/s] [%] [-] [-]
- 0.927 -0.8 -7.3 1.6 13.3 0.943 2436
5 0.932 -0.8 -6.8 1.6 12.0 0.933 2172
10 0.948 -0.7 -5.2 1.7 10.3 0.900 1092
15 0.966 -0.7 -3.4 2.0 9.8 0.839 238

Table 3.2 Statistical parameters RACMO (y) and HARMONIE (x) wind velocity U10 during 28 storms at central
Lake IJssel location for various threshold values  (# = number of data points)

Based on these results the conclusion is that the difference between RACMO and HARMONIE
wind at the central Lake IJssel location is dependent on wind velocity. Probably, this is - partly
- due to the reformulated ('capped') Charnock parameter in the wind drag relation as used by
RACMO. However, for a first attempt it is sufficient to use one correction factor for the complete
reach of wind velocities. This assumption will need further attention. In the remainder of this
study we apply a threshold of 5 m/s. This means that all values of either RACMO or HARMONIE
below 5 m/s are discarded.

For the sake of completeness Table 3.3 gives the statistics per directional sector when a
threshold of 5 m/s is applied.
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dir
sector

RAC/
HAR

bias relative
bias

rmse scatter
index

CC #

[-] [m/s] [%] [m/s] [%] [-] [-]
1) ALL 0.932 -0.8 -6.8 1.6 12.0 0.933 2172
2) NE 0.925 -0.6 -7.5 1.8 23.4 0.590 12
3) E 0.952 -0.4 -4.8 1.2 12.1 0.902 30
4) SE 0.919 -0.8 -8.1 1.6 14.5 0.879 45
5) S 0.938 -0.7 -6.2 1.2 8.6 0.946 437
6) SW 0.928 -0.9 -7.2 1.7 11.5 0.941 842
7) W 0.934 -0.8 -6.6 1.5 11.3 0.941 680
8) NW 0.904 -1.2 -9.6 2.6 18.9 0.864 105
9) N 1.104 1.0 10.4 3.3 33.9 0.934 21

Table 3.3: Statistical parameters RACMO (y) and HARMONIE (x) wind velocity U10 during 28 storms at central
Lake IJssel location for various directional sectors. Threshold= 5m/s (# = number of data points)

The data set of 28 storms is limited, resulting in only a few data points (<50) in some of the
directional sectors. Based on the scatter plots of the directional sectors with more data points
(see Figure 3.6), 400 data points per sector is a reasonable amount to aim for. This means that
besides the 28, some 25 additional down-scaled storms are desirable.

3.5 Spatial variaton of correction factor
In the previous sections we compared the RACMO and HARMONIE winds on the same
location. However, if we compare the winds at the central RACMO location with the HARMONIE
winds on different locations, a location dependent correction factor can be assessed to translate
the RACMO wind at the centre of Lake IJssel to the considered HARMONIE locations. Below,
in Figure 3.7, the ratio between RACMO and HARMONIE wind speed is given for all
HARMONIE locations near Lake IJssel. It is interesting that near the west side of the lake the
ratio varies quite smoothly, whereas on the north east side the change in ratio is very sharp.
This is probably due to the south western storms that are better represented in the selection.
The wind needs more fetch to adjust from the rough land to the smoother lake than vice versa.
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Figure 3.7: Ratio wind speed RACMO/HARMONIE, based on 28 storms with threshold of 5 m/s (with two different
color scales);

Table 3.4 gives for seven HARMONIE locations (see Figure 3.1) the ratio between RACMO
and HARMONIE wind velocity, as well as the other statistical parameters. Location 1 denotes
the central location. It is good to realize that the dominant wind directions are S, SW and W.
Locations 2, 4 and 5 are rather sheltered for these directions. Therefor it is not surprising that
at these locations the HARMONIE winds are lower than the central RACMO wind, see the
positive biases and the ratio above 1. Also, the scatter is higher and the correlation lower at
these locations. At locations 3 and 6 the statistical parameters are like location 1. These
locations have similar fetches for the dominant wind direction. The other directions like the north
(for location 3) and east (for location 6) are too rare to influence the statistics for these locations
compared to location 1. At location 7 the ratio between the RACMO wind at the central locations
and the local HARMONIE wind is smallest and hence the bias most negative. Here, the
HARMONIE winds are larger than in the central location which is not surprising since location
7 is even more open to the dominant wind directions than location 1.

location RAC/
HAR

bias relative
bias

rmse scatter
index

CC #

[-] [m/s] [%] [m/s] [%] [-] [-]
1 0.932 -0.8 -6.8 1.6 12.0 0.933 2172
2 1.153 1.5 15.3 2.2 17.2 0.897 1996
3 0.951 -0.6 -4.9 1.7 14.1 0.912 2166
4 1.091 0.9 9.1 1.9 15.9 0.905 2082
5 1.094 1.0 9.4 2.3 20.8 0.848 2038
6 0.925 -0.9 -7.5 1.8 13.2 0.920 2164
7 0.876 -1.5 -12.4 2.3 14.1 0.903 2163

Table 3.4: Statistical parameters RACMO (y) and HARMONIE (x) wind velocity U10 during 28 storms at central
Lake IJssel location (1) and for various additional locations (# = number of data points); Threshold=5
m/s
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In Appendix A (Figure A.3.1) the scatterplots can be found per directional sector for each of the
six additional locations. It gives some logical findings like a clear overestimation by RACMO's
central location compared to HARMONIE's location 2 for the (sheltered) western sector
whereas for location 7 the RACMO wind at the central location is lower than the local
HARMONIE wind.

3.6 Conclusion comparison RACMO and HARMONIE
For the central location at Lake IJssel, the RACMO wind velocity is on average circa 7% lower
than the HARMONIE wind. The RACMO wind can be corrected by dividing it by the ratio 0.932.

For now, we assume one correction factor that can be used for all wind directions and wind
velocities to be sufficient. However, since the ratio between RACMO and HARMONIE
decreases for higher wind speeds and the correlation coefficient decreases, it is advised to find
out if the correction factor should be less uniform.

To adjust the RACMO wind at the central Lake IJssel location to other HARMONIE locations,
other 'correction' factors must be applied, see the second column of Table 3.4 for six additional
locations in Lake IJssel and Lake Marken. This approach can easily be extended to more
locations along the borders of Lake IJssel.
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4 Assessing wind statistics Lake IJssel and Lake Marken

4.1 Introduction
By applying extreme value analysis on the RACMO dataset covering 2416 years (16
realizations of the period 1950-2100), the wind statistics for the central Lake IJssel location has
been determined.

The length of the RACMO data set makes it more suitable than observations of only a few
decades. Furthermore, with RACMO there is no transformation needed from Schiphol (land
based wind) to Lake IJssel (open water). The disadvantages of the dataset are the limited
spatial resolution and the fact that the quality is not perfect. These two issues can be
compensated for by applying the correction factor found in the previous chapter. This correction
factor removes the bias in the RACMO data (the bias compared to HARMONIE). In this study
we do not compensate for the average error between HARMONIE and the observations which
is on average about 4% but shows some spatial scatter. It is advised to pay attention to this in
a later stage.

In Section 4.2 the wind statistics for the central Lake IJssel location are given. In Section 4.3
the spatially varying wind statistics are presented. In Section 4.4 we compare these statistics
with the Schiphol wind statistics that are presently in use for WBI2017 (Deltares, 2017).

4.2 Wind statistics based on RACMO ensemble climate runs
We carry out an extreme value analysis on the RACMO data to find the omnidirectional wind
velocities for certain return periods. We apply the Peak-Over-Threshold method and fit the
generalized Pareto distribution (GPD) through the peaks that excess a threshold value. Hereto
we use the ORCA Metocean toolbox. Since the shape parameter turns out to be close to zero,
an exponential distribution is more suitable than GPD, resulting in a smaller confidence interval.
Note that this must be reconsidered if it is decided to apply in future studies a wind speed
dependent correction.

Table 4.1 gives the wind velocities for four return periods. Also the upper and lower bounds of
the 95% confidence intervals are included. The values based on the exponential distribution
and the corrected RACMO data are considered most suitable (right columns). The corrected
statistical distribution was obtained by adjusting the original extreme distribution by dividing the
threshold and the scale parameter by 0.932. This is the same as dividing all RACMO data by
0.932 so that it reaches - on average - the HARMONIE quality. Both the original and corrected
distributions are given in Figure 4.1.
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GPD
original RACMO

Exponential-distribution
original RACMO

Exponential-distribution
corrected RACMO

return
period
[yr]

95%
lower
bound

95%
upper
bound

95%
lower
bound

95%
upper
bound

95%
lower
bound

95%
upper
bound

10 21.87 21.89 21.91 21.88 21.89 21.90 23.47 23.48 23.5
100 24.58 24.93 25.30 24.58 24.93 25.33 26.37 26.75 27.18
1000 26.90 27.96 29.17 27.28 27.98 28.76 29.27 30.02 30.86
10000 28.53 30.96 34.50 29.98 31.02 32.19 32.16 33.29 34.54

Table 4.1 Results extreme value analysis for wind velocity [m/s] based on 2416 years of RACMO data at center of
Lake IJssel

Figure 4.1 Return value plot based on 2416 years of RACMO wind velocities at central location at Lake IJssel.
Red: original RACMO data; black: corrected RACMO data to agree with HARMONIE

4.3 Spatial varying wind statistics based on RACMO ensemble climate runs
The spatially varying correction factors offer the opportunity to translate the RACMO wind
statistics to other locations. Table 4.2 and Figure 4.2 give the return values for the seven
locations presented in Figure 3.1. The differences between the locations can be more than
20%.
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location 1 2 3 4 5 6 7
correction
[-] 0.932 1.153 0.951 1.091 1.094 0.925 0.876

return
period [yr]
10 23.48 18.98 23.01 20.06 20.01 23.66 24.98
100 26.75 21.62 26.22 22.85 22.79 26.95 28.46
1000 30.02 24.26 29.42 25.64 25.57 30.25 31.94
10000 33.29 26.91 32.62 28.44 28.36 33.54 35.41

Table 4.2 Results extreme value analysis for wind velocity [m/s] based on 2416 years of adjusted RACMO data at
various locations at Lake IJssel and Lake Marken

Figure 4.2 a) Return value plot for seven locations on Lake IJssel/Marken, based on translated RACMO data
    b) Spatial variation in wind speed with 10.000 year return period, based on translated RACMO data

4.4 Validation
In WBI-2017 the wind statistics above Lake IJssel are based on land based observations at
Schiphol, which have been translated to open water. The statistical distribution of the
standardized potential wind velocity at Schiphol is translated to the 10-meter wind velocity
above Lake IJssel. For details we refer to De Waal (2003, Appendix D).

In Figure 4.3 the frequency exceedance curves of this potential wind velocity and the
transformed U10 at Lake IJssel are given as they are presently available in Hydra-NL. In
WBI2017 this U10 is uniformly applied to the entire Lake IJssel. In the same figure we plotted
the RACMO U10 curves, both the original values and the with HARMONIE corrected ones. The
corrected RACMO wind statistics (black line) yields significantly lower open water wind
velocities than the presently applied wind statistics (cyan (=blue) line). This is somehow in line
with the conclusions drawn by KNMI (2019a) for the North Sea that the observed water levels
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tend to be higher than the modelled ones based on corrected and downscaled seasonal winds.
Two issues that contribute to the lower wind statistics of the present study are the fact that we
did not compensate for the 4% underestimation of HARMONIE and the fact that we applied 3-
hour average wind speeds (which are generally a few percent lower than 1-hour average wind
speeds). However, the cyan line representing the wind statistics as they are presently in use,
is not the 'truth'. The far extrapolation of the relatively short observed Schiphol wind time series
introduces uncertainties and also the reliability of the translation from wind over land to wind
over Lake IJssel is questionable (KNMI, 2019c).

Figure 4.3: Exceedence plot based on observations at Schiphol and RACMO for Lake Ijssel
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5 Summary, conclusions and recommendations

5.1 Summary of the applied method
1 The quality of HARMONIE wind velocity has been assessed by comparing 18 storms

with observed wind velocity. The conclusion is that HARMONIE performs well, with a
modest 4% average underestimation.
• Care must be taken not to compare wind from land locations with wind from lake
locations.
• We assessed error statistics based on all wind velocities above 5 m/s, concerning
most locations on and along Lake IJssel. It is suggested to focus more on higher wind
velocities and possibly calibrate the HARMONIE data (for instance using the quantile
plot fit) before going to step 2.

2 RACMO timeseries of 28 storms at a central location in Lake IJssel have been
compared to the nearest HARMONIE location and the wind velocities U10 of RACMO
are on average 7% lower (The ratio RACMO/HARMONIE = 0.932). We applied a
threshold of 5 m/s on both HARMONIE and RACMO, leaving 2172 values in our
dataset. The 1-hour HARMONIE values have been averaged to 3-hour RACMO values.

The present study aims to investigate whether a useful method, based on long-term
synthetic time series, can be derived to determine wind statistics above inland waters.
Experiences gained in previous studies for the larger water body of the North Sea have
been used, but additional measures are required for inland waters such as Lake IJssel. Due
to limitations in time and budget several assumptions have been made in this study.
Consequently, this leaves room for improvement.

The main conclusion of the preliminary study is that the use of long-term synthetic wind data
to derive inland wind statistics for hydrodynamic modelling for the safety assessment of
dikes is promising.

In this study we use a 2416 years timeseries of wind data obtained from model runs of
RACMO. Since the 12 km by 12 km spatial resolution of the RACMO model is too low for
Lake IJssel the RACMO wind speeds were calibrated. The calibration is based on a
comparison of HARMONIE and RACMO model data for 28 selected storms. It should be
noted that the quality of the RACMO data has not been assessed. When applied in WBI it
is recommended to perform a quality assessment of the basic long-term timeseries of the
wind data, originating from RACMO or any other physical model.

The calibration factor (defined as wind RACMO/wind HARMONIE) determined in this study
is 0.932. Several assumptions have been made in the statistical analysis, as summed up in
Section 5.3. E.g. a threshold value of 5 m/s was applied, leading to an underestimation of
the HARMONIE wind speeds by the RACMO wind speeds. If a threshold of 20 m/s were
used, a calibration factor larger than 1 might have been obtained.

Although the presented method is promising, we recommend to first analyze the
consequences of the various choices and assumptions as summed up in the
recommendations.
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We did not consider other RACMO locations on Lake IJssel.

3 Furthermore, we assessed the ratio between the wind at the single RACMO location
and the wind at various HARMONIE lake locations near the shores of Lake IJssel and
Lake Marken.

4 Based on 2416 years of RACMO data, we carried out an extreme value analysis (using
the peak-over-threshold and the exponential distribution), providing the wind velocities
for the center of Lake IJssel for return values up to 100.000 years.

5 Next, we adjusted this extreme distribution by dividing the threshold and the scale
parameter by 0.932. This is the same as dividing all RACMO data by 0.932 so that it
reaches - on average - the HARMONIE quality.
• We applied this correction factor independent of wind directions and wind velocities.
It is advised to find out whether a wind dependent correction would give different results.
• The correction factor only covers the difference between RACMO and HARMONIE
and not the difference between HARMONIE and observations. It is advised to
investigate whether correction factor is required covering both.

6 Following step 3 and 5 we applied translation factors to adjust the RACMO wind at the
central Lake IJssel location not only to various locations along the sides of Lake IJssel
and Lake Marken, but also bringing it to HARMONIE-quality.
• We applied this correction factor independent of wind directions and wind velocities.
It is advised to find out whether a wind dependent correction would give different results,
especially since the locations differ considerably in their degree of sheltering for
dominant wind directions.
• The correction factors cover - besides the spatial translation - only the difference
between RACMO and HARMONIE and not the difference between HARMONIE and
observations. Also, for the location dependent statistics it is advised to investigate
whether the correction factor should also include the (modest) HARMONIE error.

• We did not consider wind stress since the wind input for the hydrodynamic and wave
modelling computations is expected to be wind velocity U10. It is advised to check
whether the different wind drag relation from HARMONIE and RACMO should be taken
into consideration.

5.2 Conclusions

5.2.1 Main conclusion
The use of long-term synthetic wind data to derive wind statistics to be used in hydrodynamic
modelling for the safety assessment of dikes is promising. In this study we made a first attempt.
See Section 5.3 for issues that need further attention.

5.2.2 Comparison HARMONIE with observations
The DOWA data set, containing 10-years (2008 to 2017) of HARMONIE wind data is suitable
to assess the HARMONIE quality by comparing the modelled wind to wind observations during
a number of selected storms.

Overall, the HARMONIE model performance at Lake IJssel is quite good. There is a modest
underestimation (relative bias) of almost 4% by HARMONIE. The root mean square error is 1.6
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m/s and the scatter 14%. This is excluding locations Lelystad and Wijdenes which are both
outliers compared to the other twelve locations.

The scatter plot of HARMONIE wind velocity against observations indicates a slight
underestimation for wind speeds below roughly 15 m/s and a slight overestimation for the
higher wind speeds.

We took just the HARMONIE-grid points closest to the observation locations. In some cases
near shore, there is significant variation between the wind of nearby grid points so that - for a
more accurate comparison - it is suggested to choose the proper grid point depending on wind
direction and land roughness. Since the HARMONIE resolution is 2.5 km x 2.5 km, the wind
with fetches within these distances will be less reliable.

Based on the model performance at Wijdenes, just north of Lake Marken, it seems that the land
roughness in HARMONIE is lower than it should be. When the observed wind comes from Lake
Marken (directions between 135 and 225˚) the HARMONIE wind represents the observations
quite well, but for wind directions between 225 and 360˚ (so from the land) HARMONIE
significantly overestimates the wind velocity. However, this phenomenon does not apply to all
locations.

In general, the statistical scores of the HARMONIE performance is better for the dominant wind
directions (S-SW-W) than for less frequently occurring wind directions.

5.2.3 Comparing RACMO with HARMONIE
Based on a comparison of model data during 28 storms, we concluded that for the central
location at Lake IJssel, the RACMO wind velocity is on average circa 7% lower than the
HARMONIE wind. The RACMO wind can be corrected by dividing it by 0.932.

For now, we assume one correction factor that can be used for all wind directions and wind
velocities to be sufficient. However, since the ratio between RACMO and HARMONIE
decreases for higher wind speeds and the correlation coefficient decreases, it is advised to find
out if the correction factor should be less uniform, i.e. be wind speed dependent.

To adjust the RACMO wind at the central Lake IJssel location to other HARMONIE locations,
we provided additional spatially dependent 'correction' factors. This approach can easily be
extended to more locations along the borders of Lake IJssel and Lake Marken.

90% of the data of the 28 selected storms concerns wind from the sectors S, SW or W.

5.2.4 Wind statistics Lake IJssel based on 2416 years of RACMO data
The exponential distribution gives a suitable fit through the corrected RACMO data, leading to
a 1 in 10.000 year wind velocity of 33.3 m/s at the center of Lake IJssel.

The extreme wind velocities with return periods of 1000 - 100.000 years based on the corrected
RACMO data are some 10-15% smaller than the WBI2017 values which are based on Schiphol
observations being translated to Lake IJssel, accounting for difference in land roughness.

The RACMO data has been corrected to fit the HARMONIE data, which also shows some 4%
underestimation compared to observations. Correcting for this HARMONIE-error would bring
the RACMO wind extrapolations closer to the WBI2017 values.
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The extreme wind velocities for large return periods may differ with more than 20% between
the seven selected locations. This asks for spatially varying wind statistics whereas in WBI2017
a uniform value for the entire Lake IJssel was applied.

Based on the outcome of this study, it is expected that applying RACMO long term synthetic
wind data will lead to lower wind statistics than the WBI2017-wind statistics.

5.3 Recommendations
The use of long-term synthetic wind data to derive wind statistics to be used in hydrodynamic
modelling for the safety assessment of dikes is promising. In this study we made a first attempt.
The following issues need further attention:

• We used a uniform correction factor to correct the RACMO data to HARMONIE quality. It is
advised to find out whether a wind dependent (both direction and velocity) correction would
give different results. Especially the locations differ considerably in their degree of sheltering
for dominant wind directions.

• The set of 28 downloaded storms is limited, resulting in only a few data points (<50) in some
of the directional sectors to compare RACMO and HARMONIE with each other. The accuracy
of the ratio between RACMO and HARMONIE will improve if more storms would be considered.
Therefore, it is desirable to down-scale some 25 additional storms, focussing on the directional
sectors which have limited data points (being N, NE, E, SE, see Table 3.3)).

• The correction factor only covers the difference between RACMO and HARMONIE and not
the difference between HARMONIE and observations. It is advised to investigate whether a
correction factor should be considered covering both.

• The HARMONIE wind velocities are on average 3.9% lower than the observations at Lake
IJssel (including location Houtribdijk). However, the measurements at location Houtribdijk are
said to be 10-15% too high for winds perpendicular to the dike (personal communication M.
Bottema). This requires either further research of these observations or the rejection of the data
of location Houtribdijk. In the present study the -3.9% is not used, only as qualitative indication
that HARMONIE performs quite well at Lake IJssel.

• In assessing the HARMONIE quality, a threshold value of 5 m/s is applied on the observed
wind speeds. It is advised to investigate the effect of the threshold value and whether it would
be better to apply the threshold not only on the observations, but also on the HARMONIE data.

• We applied a rather low threshold value of 5 m/s when assessing the ratio between RACMO
and HARMONIE since a higher threshold would result in too few records. A higher threshold (>
10 m/s) is recommended to prevent disturbing effects like possible local sea wind fluctuations
and stability effects. A higher threshold value in combination with sufficient data requires
additional storms to be downscaled.

• In the analyses (both the comparison HARMONIE/observations and RACMO/HARMONIE),
only a threshold on wind velocity is applied, and not a filter on wind direction. It could be useful
to remove records which concern wind from the land instead of from the lake since they are
less relevant for hydrodynamic computations. However, this will not be easily applicable, and it
reduces the data set.
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• We only focused on wind velocity U10 and did not consider wind stress. It is advised to check
whether the different wind drag relations from HARMONIE and RACMO should be taken into
consideration.

• We considered the RACMO location on lake IJssel with the smallest land fraction. It is
suggested to check whether the use of additional RACMO points improves the results.

• Note that the HARMONIE data of the 28 storms which were used in this study have been
created by downscaling not the original RACMO data, but it comes from a restart run. It is
advised to check if this differs from the original RACMO.

• Since 90% of the selected RACMO data (after applying a 5 m/s threshold) comes from the
sectors S, SW and W it is advised for determination of future wind statistics to make a more
representative selection of the RACMO data set, counting for all directions.

• We distinguished eight directional sectors of 45˚ each and some had very limited data. Would
other selections give other results? For WBI 12 or 16 sectors are required. This requires extra
storms to be downscaled with the highest wind speeds from the desired wind directions.

• In the extreme value analysis on the 2416-year RACMO dataset, the shape parameter of the
GPD turned out to be close to zero, so that preference is given to the exponential distribution
because of its smaller confidence interval. Note that this must be reconsidered if it is decided
to apply in future studies a wind speed dependent correction which could affect the shape
parameter.

• Only after a proper explanation of the difference between the slope of the RACMO extreme
wind velocities and the extrapolated Schiphol observations (Figure 4.3), we can have
confidence in the applied method. Therefore, it is recommended to find the reason why the
slopes differ. Possible actions hereto are:
1) Check in Caires et al. (2012) if the difference in slope could be due to the translation of land
based observations to open water.
2) Apply the same analysis on a North Sea open water location and check if the RACMO slope
equals the slope of the extrapolated open water observations (like IJmuiden, Hoek van
Holland,…)

• Care must be taken not to compare wind from land locations with lake locations. It is
suggested to check if the HARMONIE winds are sensitive to a change in the land sea mask
and if so, if there is reason to adjust the land sea mask.

• The applied method of correcting RACMO wind based on the ratio RACMO/HARMONIE is
not suitable for small waters like the "Randmeren" where even the HARMONIE resolution is
too low. For these waters extra downscaling is recommended.

• The 1-hour HARMONIE values have been averaged to 3-hour RACMO values. Another option
is to consider only HARMONIE data on similar moments as RACMO times. It is advised to
assess the effect of averaging on the final results.

• In the comparison between HARMONIE and observations the land locations with 1 m/s
resolution were not included in the scatter plots because of this lower resolution. KNMI offered
to provide these datasets also with 0.1 m/s resolution, which would be useful for a future study.
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• The above-mentioned recommendations apply all to deriving wind speed statistics. It is
advised to see whether wind speed statistics or wind stress statistics are more desirable. Since
the use of the statistics will be mainly to drive hydrodynamic models, stress is more obvious.
However, for the comparison with observations the wind speed is a more suitable parameter.
Note that the choice for the wind drag formulation has considerable effect on the resulting wind
speed, see for instance also KNMI, 2019d.

• We advise to derive the model uncertainty introduced by the application of the meteorological
models like HARMONIE and combine this with the statistical uncertainty obtained with the
method presented in this study. Only then the gross result of applying the artificial timeseries
over the presently used WBI-method can be determined. Note that for the presently used WBI-
method the model uncertainty due to the potential wind concept should be included toot.

5.4 Proposal for deriving wind statistics
The use of long-term synthetic wind data to derive wind statistics to be used in hydrodynamic
modelling for the safety assessment of dikes is promising. This study should merely be
considered a first attempt. For a more thorough approach we propose the following steps.

1 Decide whether the wind statistics should be based on wind stress or wind velocity

2 Calibrate HARMONIE wind data, based on local observations at Lake IJssel/Marken,
minimizing the error for the relevant wind conditions (possibly depending on directional
sector, location and wind velocity and finding the appropriate fit).
=> The result is a fit that can be used to correct any Lake IJssel/Marken HARMONIE
data.

3 Adjust RACMO based on the adjusted HARMONIE wind, either for the central Lake
IJssel location (step 3a) or for any HARMONIE location (step 3b):

3a Calibrate RACMO minimizing the error relative to HARMONIE for the relevant wind
conditions, based on a number of relevant storms (possibly depending on directional
sector and wind velocity and finding the appropriate fit). Decide whether the relevant
parameter for this is wind velocity U10 or if wind stress or a pseudo wind is desirable.
Use a proper selection of data for this, representing all relevant conditions. The
selection does not need to cover the series used in step 2.
=> The result is a fit that can be used to correct any RACMO data of that specific central
Lake IJssel location.

3b Find the relation between the RACMO data at the central Lake IJssel location and
adjusted HARMONIE data at relevant locations, based on relevant storms (possibly
depending on directional sector and wind velocity and finding the appropriate fit).
=> The result is a fit that can be used to correct and adjust any RACMO data of the
central Lake IJssel location to the considered HARMONIE locations at Lake
IJssel/Marken.

4 Carry out an extreme value analysis on the entire RACMO dataset for the central Lake
IJssel location after correcting the RACMO data. This correction does not only concern
repairing the error between RACMO and (adjusted) HARMONIE but also includes the
translation to any considered HARMONIE location at Lake IJssel/Marken.
=> The result is the wind statistics for any considered HARMONIE location at Lake
IJssel/Marken, based on corrected long-term synthetic wind time series.
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5 For application in e.g. Riskeer not only the statistical distribution of the wind speed is
required but also the statistical uncertainty. The use of long synthetic timeseries
reduces the original statistical uncertainty significantly. However, this is at the expense
of an increased model uncertainty, introduced by applying the meteorological models
like HARMONIE. This model uncertainty (not only bias but also scatter) should be
combined with the statistical uncertainty.





11203719-002-GEO-0001, November 29, 2019, final

Towards a concept of deriving wind statistics over inland waters 37 of 35

6 References

S. Caires, H. de Waal, J. Groeneweg, G. Groen, N. Wever, C. Geerse, M. Bottema, 2012.
Assessing the uncertainties of using land-based wind observations for
determining extreme open-water winds. Journal of Wind Engineering and
Industrial Aerodynamics, 110, 70-85.

Deltares, 2017.  Achtergrondrapport Hydraulische Belastingen WBI2017. Deltares rapport
1230087-008-HYE-0001,  september 2017 (H. Chbab en H. de Waal).

KNMI, 2019a.  Het gebruik van de ECMWF seizoensverwachtingen voor het berekenen van
de klimatologie van extreme waterstanden langs de Nederlandse kust. KNMI
memo (concept). (H. van den Brink).

KNMI, 2019b.  Toelichting op de aan Deltares geleverde netcdf-bestanden met HARMONIE
data van gedownscalede stormen. KNMI memo d.d. 23-01-2019 (H. van den
Brink).

KNMI, 2019c. Wind across land-water transitions. Application of an analytical model to
numerical model output. KNMI memo d.d. October 2 (A. Sterl).

KNMI, 2019d. Wave-dependent drag parameterizations and their impact. draf dd May 15th,
2019. Author: Andreas Sterl, Henk van den Brink.

Meijgaard, E. van, L.H. van Ulft, E.J. van de Berg, F.C. Bosveld, B.J.J.M. van den Hurk, G.
Lenderink and A.P. Siebesma, 2008. The KNMI regional atmospheric climate
model RACMO version 2.1. Technical Report TR-302.

TNO, 2019. DOWA validation against offshore mast and LiDAR measurements. Ref R10062,
Project 060.33810,  d.d. 21 May 2019 (J.B. Duncan, I.L. Wijnant, S.Knoop).

Waal, de, 2003. Windmodellering voor bepaling waterstanden en golven, een analyse van
bouwstenen. RIZA werkdocument 2003.118x, juli 2003.





11203719-002-GEO-0001, November 29, 2019, final

Towards a concept of deriving wind statistics over inland waters A-1

A Figures
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Appendix A.2.1.a: Storm 1 (colors indicate wind speed at 4 nearest HARMONIE locations)
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Appendix A.2.1.b: Storm 6 (colors indicate wind speed at 4 nearest HARMONIE locations)
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Appendix A.2.1.c: Storm 12 (colors indicate wind speed at 4 nearest HARMONIE locations)
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Appendix A.2.1.d: Storm 12/13 (colors indicate wind speed at 4 nearest HARMONIE
locations)
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Appendix A.2.1.e: Storm 13 (colors indicate wind speed at 4 nearest HARMONIE locations)
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Figure A.3.1.a: Scatter plots (RACMO and  HARMONIE) per wind direction for location 2
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Figure A.3.1.b: Scatter plots (RACMO and  HARMONIE) per wind direction for location 3
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Figure A.3.1.c: Scatter plots (RACMO and  HARMONIE) per wind direction for location 4
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Figure A.3.1.d: Scatter plots (RACMO and  HARMONIE) per wind direction for location 5
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Figure A.3.1.e: Scatter plots (RACMO and  HARMONIE) per wind direction for location 6
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Figure A.3.1.f: Scatter plots (RACMO and  HARMONIE) per wind direction for location 7
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B  Statistical parameters

  The correlation coefficient is also denoted as R.
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