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Samenvatting

For short-fetch areas (typically 500 - 5000 m) such as the lakes and parts of the tidal rivers the quality of the
SWAN model results in terms of bias and uncertainty is still unknown. For the legal dike assessment
instruments, there is a need to assess the wave model performance in such situations, and derive the bias
and uncertainty from model-data comparisons. Based on various measurement locations at Lake Ijssel, we
selected 20 short fetch cases with over 10 mis wind, made 20 SWIW simulations and found the following
relative bias: -15% for Hmoand -11% for Tm-1,O.
The scatter index is 18% for the wave height, and 5.5% for
wave period. Various sensitivity runs did not improve the model performance.
Apart from short fetch model uncertaintieswithin SWAN, there is also uncertainty with respect to the scaling
issues in short-fetch conditions. The observations in Lake Ijssel (and other (foreign) locations such as Lake
George, Australia) show a great "natural" variability in wave spectra and parameter observations for similar
wind conditions. Apparently, we are missing some controlling parameters beyond U10. For upscaling to more
extreme events, it is very important to catch all relevant parameters.A plan of approach has been formulated
to investigate the origin of the scatter in wave data as collected in Lake Ijssel. Knowing these causes will
lead to a better understanding of the relevant physical parameters involved in wave growth at short fetches
and in extreme conditions. The ultimate results of all of these activities will be an improved wave model
leading to a reduced scatter of model results and more accurate hydraulic boundary conditions for the Dutch
water defences..
Possible shortcomings in the transfer of wind momentum to the waves can be studied by taking a closer look
at the wind drag. To do this, measured field data of the turbulent shear stresses is required. Therefore, it is
recommended to extend the Lake Ijssel measuring campaign with turbulent shear stress observations using
ultrasonic wind sensors that.carry out high-frequency 3D wind measurements. Locations FL47 and FL48 are
considered most suitable for this.
Referenties

Project plan WTI 2017 Cluster HydraulischeBelastingen 2013 (12078Ó7-000-HYE-0001)
Versie Datum

2

Auteur

dec. 2013 Caroline Gautier

State

final

SWAN uncertainties for short fetches

P raaf Review

A v.d. westhuys~

"""

t;trf

Goedkeuring

Marcel van Gent

(3f

1207807-001-HYE-0008, Version 2, 12 December 2013, final

List of contents
1 Introduction
1.1 Framework
1.2 Problem statement of present project
1.3 Study objectives
1.4 Approach
1.4.1 Determination of bias and uncertainty of SWAN predictions in short-fetch
conditions.
1.4.2 Investigation of scaling issues of short-fetch conditions
1.4.3 Investigation into the feasibility of direct measurement of u*
1.5 Outline of the report

1
1
3
4
4
4
5
5
5

2 Uncertainty SWAN predictions in short fetch conditions
2.1 Introduction
2.2 Approach
2.3 Definition short fetch conditions
2.4 Relevance short fetch conditions for WTI 2017
2.5 Introduction to and analysis of Lake IJssel data
2.5.1 Introduction
2.5.2 Observations
2.5.3 Growth curves
2.5.4 Sensitivity in wave growth
2.5.5 Spectral shape FL48 and comparison to FL02
2.6 Bench mark suite short fetch conditions
2.6.1 Introduction
2.6.2 Case selection
2.6.3 SWAN set up reference series
2.7 Results and discussion of reference runs
2.8 Sensitivity analysis bench mark tests
2.9 Determination of bias and standard deviation
2.10 SWAN bias and standard deviation as function of fetch
2.11 Conclusions

7
7
7
8
8
9
9
9
10
14
15
15
15
15
16
18
19
21
22
25

3 Plan of action: Investigation into wave scaling issues
3.1 Introduction
3.2 Approach
3.2.1 Lake IJssel data
3.2.2 Parameter identification
3.2.3 Additional data sets
3.3 Identification of phenomena and relevance short fetch conditions
3.3.1 Introduction
3.3.2 Relevant literature
3.3.3 Identification of phenomena
3.3.4 Prioritization
3.4 Plan of approach 2014
3.4.1 Literature survey
3.4.2 Analysis of wave data sets
3.4.3 Collection and analysis of other relevant field data

27
27
27
27
28
28
28
28
28
29
36
37
37
37
38

SWAN uncertainties for short fetches

i

1207807-001-HYE-0008, Version 2, 12 December 2013, final

3.5

3.4.4 Numerical wind modelling of wind field variation
3.4.5 Sensitivity runs with the SWAN model
3.4.6 Collection of additional metocean parameters
3.4.7 Improving the SWAN model
3.4.8 Activities for 2015
Conclusions and recommendations

39
39
40
40
41
41

4 Investigation into direct measurement of u*
4.1 Introduction
4.2 Problem description
4.3 WTI2017 information need
4.4 Preferred measurement locations at Lake IJssel
4.5 Recommendation

43
43
43
45
45
47

5 Conclusions and recommendations
5.1 Introduction
5.2 Conclusions
5.2.1 Uncertainty SWAN predictions in short fetches
5.2.2 Wave scaling issues
5.2.3 Direct measurements u*
5.3 Recommendations

49
49
49
49
50
50
50

6 References

51

Appendices
A Figures

A-1

B Tables

B-1

C Effective fetch

C-1

D Growth curves and u*

D-1

E Depth limitations FL47

E-1

F Influence larger computational domains FL48 ,49

F-1

G Definition of statistical parameters

G-1

ii

SWAN uncertainties for short fetches

1207807-001-HYE-0008, Version 2, 12 December 2013, final

1 Introduction
1.1

Framework
In compliance with the Dutch Water Act (“Waterwet, 2009”) the strength of the Dutch primary
water defences must be assessed periodically 1 for the required level of protection, which,
depending on the area, may vary from 250 to 10,000 year loads; see Figure 1.1. These loads
are determined on the basis of Hydraulic Boundary Conditions (HBC). The HBC and the
Safety Assessment Regulation (“Voorschrift op Toetsen op Veiligheid”, VTV), play the crucial
role in the assessment of the primary water defences. Until 2011, the safety assessment was
based on the failure probability of a dike section. In the future, assessments will be based on
the probability of flooding of a dike ring. The knowledge underlying the presently available
HBC and VTV will be incorporated in the new instrumentation to assess the safety of dike
rings, or at least parts of a dike ring. Most probably the new instrumentation will be HydraRing.

Figure 1.1 The safety standard of the Dutch primary water defences.

With the aim of delivering legal assessment instruments to be used in the performance of the
fourth assessment period, starting in 2017, Rijkswaterstaat – WVL is funding the long-term
project WTI 2017. Until 2011 WTI and SBW were two separate, strongly related projects.
1.

Previous assessments took place in 1996, 2001 and 2006. The date of the next assessment is 2017 and for the
period after 2017 the assessment will be on a continuous basis.
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The WTI (“Wettelijk Toets Instrumentarium”: legal assessment instruments) project provided
the HBC and VTV and other instruments that are necessary to perform the assessment of the
primary sea defences. The instrumentation consists of a large set of methods, techniques and
rules. Insights have changed over the years and many developments provide improvements
to be made to the instrumentation. The research project Strengths and Loads of Water
Defences (“Sterkte en Belastingen Waterkeringen”, SBW) was started ten years ago. It had a
direct relation with the WTI project, by providing expertise and instruments to it.
The WTI 2017 program consists of seven content-based projects and four more generic
projects, indicated by the rows and columns in Figure 1.2. Six of the seven content-based
projects are related to strengths. According to its name the Hydraulic Loads projects focusses
on HBC in particular and subjects related to hydraulic loads more in general.
The goal of the Hydraulic Loads project is twofold:
1. Determination of Hydraulic Boundary Conditions for all water systems (new
production runs only for river areas).
2. Solving most important knowledge gaps concerned to Hydraulic Loads, such that
from 2017 on more reliable HBC for the Dutch primary sea and flood defences can be
determined, either in the conventional approach of “probability of exceedence” or in
the future approach of “probability of flooding”.

Figure 1.2 Organisation of WTI project

In line with the two goals of the project, the project is divided in two parts, one related to the
determination of HBC and in particular to the production runs in the river areas. The second
one is concentrated on the solving of the knowledge gaps in order to improve the quality of
the HBC. The present report fills in part of the second goal.
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The quality of the derived HBC depends on the adequate performance of a number of
components in the so-called HBC chain. In this chain, statistics of waves, wind, water levels
and river discharges and physical numerical model results form the input to probabilistic
models. These in turn provide the output of the HBC chain, namely the hydraulic loads, a
combination of water level and/or wave height, wave period and wave direction per location,
depending on the water system (coastal region, lakes or rivers) and on the failure mechanism
under consideration.
The approach of the WTI – Hydraulic Loads project, presented already in Deltares (2011), is
based on improving models and methods in the three disciplines in which the knowledge
gaps are clustered, namely:
Statistical methods
Models of physics (for instance wave models and flow models)
Probabilistic models
Additional to these three disciplines a fourth discipline was added in Deltares (2013a). Within
the new approach of probability of flooding uncertainties are taken into account. Whereas in
WTI 2011 only intrinsic uncertainties have been considered now also the effect of model and
statistical uncertainties are incorporated in Hydra-Ring. The determination of model
uncertainties is a separate discipline within the Hydraulic Loads project.
The study reported here, whose motivation is given in the next section, focuses on the
knowledge gap regarding “Models of Physics”, and will provide input into the determination of
the “Model Uncertainties”.
1.2

Problem statement of present project
For the WTI Hydraulic Boundary Condition calculations not only the expected value of the
wave parameters needs to be computed but also the bias and uncertainty in the results. For
coastal and tidal inlet regions, there is sufficient data and experience with the SWAN model in
order to produce such quantities.
However, for the short-fetch areas such as the lakes and parts of the tidal rivers
(Benedenrivieren), e.g. the Haringvliet, Hollandsch Diep, Biesbosch, and the Vecht- and
IJsseldelta, the quality of the SWAN model results is rather unknown. To note, new SWAN
production computations for WTI2017 are foreseen only in areas were ‘Ruimte voor de Rivier’
measures are effective. Therefore there is a need to assess the model performance in shortfetch situations, and derive the bias and uncertainty from model-data comparisons. For this
purpose not only data from the areas for which the boundary conditions need to be derived
will be considered, but also data from other areas where the processes can be measured in
relative isolation.
Apart from assessing the bias and uncertainty of SWAN, there is also uncertainty with respect
to the scaling issues in short-fetch conditions. The observations in Lake IJssel (and other
(foreign) locations such as Lake George, Australia) showed a great “natural” variability in
wave spectra and parameter observations for similar wind conditions. Apparently, we are
missing some controlling parameters beyond U10. Also for upscaling to more extreme events,
it is very important to catch all relevant parameters.
In order to obtain more data to gain insight in the physical processes, Rijkswaterstaat intends
to install “sonic” wind measurement devices on selected stations in Lake IJssel. The aim of
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the measurements is to verify the drag formulations (which convert measured U10 to ) as
implemented in SWAN directly with measurements of both properties, and to investigate if the
wave conditions scale with U10 or with
. This is important for upscaling to extreme
conditions. The measurement campaign needs information on what and where to measure,
based on a literature survey.
1.3

Study objectives
The objective of this study is to provide a basis to determine the bias and uncertainty of
SWAN-computed parameters in short-fetch conditions for WTI2017. Our specific objectives
are as follows:
1

2

3

1.4
1.4.1

Determine bias and uncertainty of SWAN predictions in short-fetch conditions.
The aim is to obtain insight in the uncertainty of SWAN results at short fetches (typically
500 – 5000 m) when applied in WTI short fetch computations. The result will be the bias
and standard deviation for both Hm0 and Tm-1,0, to be applied in the probabilistic
computations with Hydra-Ring, or as correction factor to the results of the WTI
production computations. The determination of these uncertainties is specifically done
for short fetch conditions. They are not valid for conditions with larger fetches (5-10 km)
nor for depth-limited conditions. For these situations other values have been derived
(Deltares, 2013b).
Investigate scaling issues of short-fetch conditions
The aim is to draw up a plan of action to find the controlling parameters for wave growth
at short fetches, to improve the scalability of waves and reduce the supposed natural
variability. This will possibly lead not only to a better understanding of wave growth but
also – by including additional parameters in the SWAN source terms – to better model
results.
Investigate the feasibility of direct measurement of
The aim is to contribute to the Rijkswaterstaat program of measuring the
directly
through a recommendation on what and where to measure, based on a literature
survey.

Approach
Determination of bias and uncertainty of SWAN predictions in short-fetch conditions.
1
Define short-fetch wave conditions and verify their occurrence in Dutch water systems.
The short-fetch conditions are to be defined in terms of dimensionless parameters,
based on literature. Next, we will assess where in Haringvliet, Hollandsch Diep and
Biesbosch, these conditions occur, on the basis of existing WTI datasets and the
fetches that were made available for the Hydra-Zoet computations in these areas.
2.

Collect and analyze short fetch Lake IJssel data from the SWIVT database (from
Bottema and Van Vledder (2009) as well as more recent data at FL48/49) and possibly
more recent situations which are not yet available in SWIVT. We will compare to the
Kahma and Calkoen (1992) curve (benchmark) for short fetches, also in comparison
with other short-fetch growth curves such as Bretschneider (being used in the WTI
production runs). With the data plotted as observed dimensionless energy against
dimensionless fetch (cf. Figure 3.15 of Deltares, 2013c) it is possible to assess whether
the observations are uniform and obey the KC curve.
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3.

Construct a benchmark suite for short fetches, using BVV2009 data and data from
FL48/FL49. To this data set we will apply the SWAN model with WTI settings as done
for the WTI2011 production runs – hence in stationary mode - and with comparable
resolution. Hereto dedicated grids with locally observed wind and water level will be
constructed. The number of cases is 20. The result will be the bias and standard
deviation for Hm0 and Tm-1,0 for direct use in WTI computations. All hindcasts of the
selected benchmark suite will also be carried out with a higher spatial resolution grid to
gain insight in whether the bias and uncertainty between model and data results are
related to numerics or physics.

4.

Perform a sensitivity analysis. Making use of existing SWAN formulations, this will lead
to a recommendation on the application of source terms in the WTI2017 SWAN
production runs.

Note that the SWAN results for WTI 2017 are derived from stationary runs, so that the focus
in this study is on stationary computations.
1.4.2

Investigation of scaling issues of short-fetch conditions
As stated above, the observations in Lake IJssel (and beyond) showed a great “natural”
variability in wave spectra and parameter observations for similar wind conditions. This points
to a lack of knowledge on the controlling parameters beyond U 10. In this report we present a
plan of action to find the controlling parameters in order to improve the scalability of waves
and to deduce the supposed natural variability. As a starting point, we will consider the 16
items of Babanin and Makin (2008).

1.4.3

Investigation into the feasibility of direct measurement of
Rijkswaterstaat intends to install “sonic” wind measurement instruments on selected stations
in Lake IJssel. The aim of the measurements is to verify the drag formulations (which convert
measured U10 to ) as implemented in SWAN directly with measurements of both properties,
and to investigate if the wave conditions scale with U10 or with . This is important for
upscaling to extreme conditions. In this report, we will make recommendations on what and
where to measure, based on a literature survey.

1.5

Outline of the report
The above three items will be addressed in the subsequent Chapters 2, 3 and 4. We will draw
conclusions and recommendations in Chapter 5.
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2 Uncertainty SWAN predictions in short fetch conditions
2.1

Introduction
The SWAN wave transformation model (Booij et al, 1999) is used as a tool to obtain wave
boundary conditions at output locations along coastal, estuarine, tidal river and lake water
defences. For the river water defences the normative waves are limited by the available fetch.
These fetch-limited conditions are also called short fetch conditions. This chapter describes
the performance of SWAN in such short fetch conditions. The result of the performance
analysis is the bias and standard deviation of the model in these conditions, which are to be
applied in Hydra-Ring for WTI2017. Until now, the bias and uncertainty for these conditions
have not been determined.
In 2011 WTI computations have been carried out with deep-water physics proposed by Van
der Westhuysen (2007), based on wind input of Yan (1987) and the saturation based
formulation of Alves and Banner (2003). We refer to these formulations as WESTH physics.
In Deltares, (2013b) the uncertainties of the SWAN wave model (using. WESTH physics)
were assessed, based on over 100 hindcast moments in the tidal inlet of Ameland, the
western Wadden Sea, the eastern Wadden Sea and the Western Scheldt, but no short fetch
conditions were included.
Bottema and van Vledder (2009) conclude that significant model overestimations occur for
short fetches. They state that SWAN with WESTH physics is not fully adequate in the first
kilometres of fetch and that especially the low-frequency energy levels are strongly
overestimated. Further, they mention that in strong winds the measured short-fetch spectra
often no longer conform to the standard JONSWAP shape.
Van der Westhuysen (2007) also concludes that SWAN with WESTH physics appears to
overestimate wind wave growth at very short dimensionless fetches, but that could be due to
the use of uniform wind, lacking the effect of land-sea transition. The verifiability of model
results at the considered station remained uncertain. However, fetch limited growth curves
produced by the model with WESTH physics give higher energy levels than the default model
for dimensionless fetches (g*F/ 2) below 105 (see Figure 4.7 of Van der Westhuysen (2007)).
For these short fetches, the Kahma and Calkoen (1992) data has no values to judge which
model description is better.
In contrast to the above, Deltares (2013c) shows that SWAN generally underestimates the
observed wave height Hm0 at short fetch locations FL48 and FL49 in Lake IJssel.
The uncertainty about the SWAN performance at short fetches in combination with the use of
SWAN at rivers and estuaries for hydraulic boundary conditions justifies the present study in
which the uncertainty in the SWAN predictions is assessed.

2.2

Approach
First, the definition of ‘short fetch’ is investigated (Section 2.3), followed by a search for the
relevance of short fetch conditions for WTI2017 (Section 2.4). The way to check this
relevance is to assess for the normative wind direction the fetches at the WTI output locations
along the rivers for which the WTI 2011 databases are used.
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Next, short fetch wave observations are analysed in relation to existing growth curves
(Section 2.5). At the area of interest, viz. the wider Dutch tidal rivers and estuaries, no
suitable wave measurements are available. However, wave observations on Lake IJssel
provide a long term dataset from which the physics of short fetch wave growth can be
analysed in isolation. Thus, although Lake IJssel itself is not an area of interest for short fetch
waves, the observations are used since they are well documented, taken under suitable
conditions in a more or less controlled environment.
Only after these activities, the SWAN wave model is introduced (Section 2.6). For a number
of stationary hindcast conditions with rather strong wind which comes from the land,
stationary SWAN simulations are carried out with dedicated grids and local input. The settings
and version used for the simulations are in line with the SWAN productions runs of WTI2011.
By comparing the SWAN results with the observations, the performance will be assessed in
terms of bias and standard deviation. The following step is to find out – by a sensitivity
analysis - if other settings and higher resolution would improve the SWAN performance. This
will result in recommended settings with preferably smaller bias and standard deviation.
2.3

Definition short fetch conditions
In this study we focus on short fetches because the interest is on SWAN performance for the
rivers. But when is a fetch defined as ‘short’? We are not aware of any standard limits for this.
Common practise could be a distance of less than 5 km of fetch. Another approach is to use
dimensionless fetch, scaled with g/U102. In this case one could consider short fetches to be
gF/U102 < O(1000). However, such definition is not even so important, as long as we focus in
this study on fetches that are relevant for the WTI2017, see Section 2.4.

2.4

Relevance short fetch conditions for WTI 2017
The upper panel of Figure A.2.1 in Appendix A presents the effective fetches (for the
definition see Appendix C) at the illustration point for various output locations along the tidal
rivers in the South West of the Netherlands (Benedenrivieren). The vectors indicate the
critical wind direction. The illustration point represents the specific combination of wind
direction, wind velocity and water level which fits the norm (1/2000, 1/4000 or 1/10000 per
year) and which is most likely to occur. Note that only locations are considered where waves
are relevant, defined by a required dike level which is at least 0.5 m above the design water
level (toetspeil). In the lower panel the dimensionless fetch in terms of u* is shown, defined
as

Fdls

g Fe
u*2

(2.1)
in which
Fdls: fetch “dimensionless star”
Fe:
effective fetch (see definition in Appendix C)
g:
gravitational acceleration = 9.8 m/s2
u*
friction velocity [m/s]; see Appendix D

The data for this assessment – being design water levels, required dike level, fetches and
wind speed and wind direction in illustration point - are not readily available for all Dutch rivers
and the plots should be considered to be an estimate. For part of the output locations at the
tidal rivers in the South West of the Netherlands, illustration points are available based on
HR-Zoet overtopping computations (critical flow 1 l/s/m) for a standard dike profile of 1:3 as
used in the analysis of differences between 2006 and 2011, see Deltares (2012).
8 van 54
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The effective fetches are taken from the Hydra-Zoet 1.6.0 database as used for WTI 2011.
Also the design water levels are based on Hydra 2011 results. However, various shore and
axis locations had to be combined. For other areas, these files were not all available and
therefore the considered area is limited to the Benedenrivieren.
Obviously, the wind direction in the illustration point is at almost all locations from the western
half. Most fetches fall in the class between 500 m and 1000 m (see Figure 2.1), and the
maximum is just above 5 km. Considering the dimensionless fetch Fdls, typical values are
about 0.5*104, with maxima of almost 4*104. So, short fetch conditions, whether defined as
dimensional fetches of less than 5 km, or dimensionless fetches of less than O (1000), are
relevant for the hydraulic boundary conditions on Dutch rivers and estuaries.

Figure 2.1 Distribution of effective fetch (left) and dimensionless fetch Fdls (right) in illustration point, based on
Hydra-Zoet computations for the tidal rivers

2.5

Introduction to and analysis of Lake IJssel data

2.5.1

Introduction
In this section the Lake IJssel wind and wave observations are compared to existing growth
curves. Various parametric wave growth formulations exist, estimating wave parameters as
function of wind speed, fetch and water depth. The main reason for this analysis is to find out
whether the observations at Lake IJssel are suitable to judge the performance of the SWAN
model as it is calibrated to the growth curve by Kahma and Calkoen (1992). For observations
which do not fit this growth curve, it is obvious that they will not be reproduced by SWAN.
Furthermore, it is interesting to investigate why the observations do or do not fit the growth
curves.

2.5.2

Observations
In 1997 an extensive measuring campaign was started at Lake IJssel (Bottema, 2007), which
is still ongoing. The size of Lake IJssel is roughly 20 km by 60 km and the depth is 3 to 5 m.
During the years, the instrument types and locations have changed. The locations of the
wave instruments are presented in Figure A.2.2 in Appendix A.
In the present study the wind, wave and water level observations at locations FL02, FL09,
FL46, FL47, FL48 and FL49 are used, as well as observed temperatures of air and water at
locations FL47, FL48 and FL02. Except for FL47 the mentioned wave instruments are located
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rather close to the shore (within 4 km), and only winds blowing offshore are considered. FL47
is further away (10 km) and included to check whether the relation between wave height and
wind is different from the shorter fetch locations. The wave instruments are Etrometa step
gauges with a resolution of 0.05 m and 4 Hz sample frequency. These (single) step gauges
cannot measure wave direction. At the same poles, also wind velocity and wind direction are
measured. The wind speed is measured with cup anemometers at a height of approximately
10 m above the still water level and the temporal averaging time is 10 minutes. Furthermore,
data from the year 2007 of the abandoned stations FL25 and FL37 are considered.
The wind, water level, temperature and wave data is processed with the WAVES validation
tool by Xi-Advies (Xi-Advies, 2009). Furthermore, the WAVIX validation routine for waves is
applied by ModelIT (ModelIT, 2013). Wave data is available every 20 minutes. Wind, water
level and temperature data is available every 10 minutes. In this study the wind and
temperature data is linearly interpolated to 20 minute values. The processed wave spectra
have a frequency range from 0.03 to 1.5 Hz, with a 0.01 Hz step size. All observed wave
parameters are based on this frequency range.
Table 2.1

Measuring locations
*) computed from first wet grid point in SWAN bathymetry file. This column contains values only for locations
for which SWAN computations have been carried out. Displacements of the instruments due to seasonal
deployments and recoveries are limited.

2.5.3

id

name

FL02

(shortest)
distance
from
shore*
[m]

operational
in 2013

X [m RD]

Y [m RD]

date

Rotterdamsehoek

166619

529034

> Mar 2012

FL02

Rotterdamsehoek

166612

529044

> Feb 2013

2356

yes

FL09

Friese kust

161832

535888

> Mar 2012

3821

yes

FL09

Friese kust

161771

535925

FL25

Enkhuizen

149006

526012

FL37

Houtribdijk

155500

520000

FL46

IJsselmeer mid

162152

524752

> Feb 2013
slight
variations
through the
years
> Mar 2012

FL46

IJsselmeer mid

162145

524741

> Feb 2013

FL47

IJsselmeer mid N

144018

547259

> Mar 2012

FL47

IJsselmeer mid N

144020

547247

> Feb 2013

yes

FL48

Oude Zeug

136929

542952

> Mar 2012

yes

FL48

Oude Zeug

136935

542958

> Feb 2013

FL49

Oude Zeug Kust

136201

542585

> Mar 2012

FL49

Oude Zeug Kust

136210

542585

> Feb 2013

yes

yes
776

no

1103

no
yes
yes

9933

1660

yes

yes
yes

848

yes

Growth curves
Figure A.2.3.a presents a selection of the Lake IJssel observations in combination with three
types of standard growth curves: Bretschneider (CERC, 1973), Breugem and Holthuijsen
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(2007) and Kahma and Calkoen (1992; composite data set so both stable and unstable
stratification). The formulations can be found in Appendix D.
The observations have been selected as follows. First of all, for the period August 2012 –
June 2013 the periods with severest wind velocities from a more or less south western
direction were selected, being six periods of 48 hours each and a seventh period of 84 hours.
These periods were suitable for short fetch analysis at locations FL47, 48, 49, 46. An
additional eighth period (of 72 hours) was chosen with strong eastern wind for FL02:
1.
2.
3.
4.
5.
6.
7.
8.

4 Oct 2012 00:00
24 Nov 2012 12:00
24 Dec 2012 00:00
30 Dec 2012 0:00
17 Apr 2013 18:00
9 May 2013 18:00
13 Jun 2013 00:00
22 Mar 2013 0:00

–
–
–
–
–
–
–
–

6 Oct 2012 00:00
26 Nov 2012 12:00
26 Dec 2012 00:00
1 Jan 2013 0:00
19 Apr 2013 18:00
11 May 2013 18:00
16 Jun 2013 12:00
25 Mar 2013 0:00

Next, the moments in time with minimum wind velocity of 10 m/s were selected, and wind
directions from land within 20 degrees from each side of the coast normal. Furthermore, the
minimum wave height was set at arbitrary values of 0.80, 0.50, 0.30, 0.40, 0.30, 0.80 m for
respectively location FL47, 48, 49, 02, 09 and 46. Since this method turned out to have no
values for FL09, additional periods were sought for FL09 with wind velocities above 10 m/s
and north- north eastern wind directions within 20 degrees from the coast normal (Aug 31st,
Sep 21st, Oct 27th, Dec 10th, April 1st and 2nd, May 2nd, May 16th, May 24th, May 31st, Jun
7th), resulting in 43 values.
The number of selected values for the six locations is respectively 156, 146, 195, 171, 43,
124, so that the total is 835. The five stars in Figure A.2.3 indicate the selection of locations
FL25, 26 and 37 of situations IJA t/m IJL that were presented in Bottema (2007) for which
above mentioned wind criteria are met, i.e. wind velocities above 10 m/s wind and wind
directions from land within 20º from the coast normal.
In the upper panel of Figure A.2.3.a the data is presented in terms of dimensionless wave
height and dimensionless fetch, defined as follows:

H m0 DL

g H m0
U102

(2.2)

and

Fdl

g F
U102

in which
Hm0DL:
g:
Hm0:
U10:
Fdl:
F:

SWAN uncertainties for short fetches

dimensionless significant wave height
gravitational acceleration = 9.8 m/s2
significant wave height [m]
wind velocity [m/s] at 10 m height
dimensionless fetch in terms of U10
either effective fetch [m] or raw fetch [m]
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The reason for using U10 here – whereas in Section 2.1 we considered u* - is that the growth
curves are given in terms of U10. The main reason to use U10 in growth curves and not the
friction velocity u* is that the latter is difficult to measure. In open water, it has only very
rarely explicitly been measured. Instead, it is often estimated.
Note that the dots represent the effective dimensionless fetch (effective means that fetches in
a wider directional sector are included using a weighting factor, see Appendix C) whereas the
circles represent the raw dimensionless fetch. The difference between them is limited. It is
striking that all observations from FL48 and 49 are positioned well above the standard growth
curves. The observations from FL46, 47 and FL02 fit the growth curves, and the observations
from FL09 are slightly below. The scatter is significant. For a dimensionless fetch of 50 at
location FL49 for instance, the dimensionless wave height varies between 10-1.6 and 10-1.7, so
that the wave height varies between 0.30 and 0.37 m (if U 10 were for example 12 m/s). The
scatter of FL09 seems to be less, but the reason is mainly the limited amount of data here.
The bottom panel of Figure A.2.3.a contains the same data, but presented in another way,
namely as dimensionless energy against dimensionless raw fetch (gF/ u* 2).

E*

g 2 Etot
u*4

(2.3)

in which Etot is the total variance [m 2].
Note that u* was not directly measured, but converted from U10, based on the assumption of
the Wu (1982) drag expression (see Appendix D). Note that Wu’s expression was derived for
neutral atmosphere which is not always the case in storm situations. This may contribute to
the scatter and also cause some bias. The larger black markers are from the dataset of
Kahma and Calkoen (1992). The black line is the SWAN default (=Komen) run with SWAN
40.51.A for bench mark test F21grd. Here again we see the data of locations FL48 and FL49
above the curve through Kahma and Calkoen (1992). The observations at the other locations
are rather below or on that curve. Note that the observation clouds have – per location – a
steeper gradient in E* versus gF/ u* 2 than the standard growth curves have. The reason for
plotting the data as these parameters is to make it easy to compare with plots of Van der
Westhuysen (2007). The considered fetches are between 104 and 6*105. Note that the
relevant fetches were somewhat smaller: 0.5*104 – 4*104 (Section 2.4). Only locations FL48
and FL49 have data in this range.
The cyan star representing location FL25 during storm IJG (8 January 2005, see Bottema
(2007)) is in this plot far below the growth curves. Not surprisingly, SWAN overestimated the
waves considerably for this case.
Figure A.2.3.b presents the same data as Figure A.2.3.a, but data from the colder months
(November up to and including April) is plotted in the left panels, and data from the warmer
months (May up to and including October) is plotted in the right panels. During the warmer
months, algae growth could possibly influence the observations. However, for both‘summer’
data and ‘winter’ data, the same trends an behaviour is visible, namely that the data of FL48
and FL49 tends to be higher than the standard wave growth curves, whereas the data of the
other locations is rather on top or below.
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In a similar way as Figure A.2.3.a, Figure A.2.3.c presents the peak frequency in combination
with standard growth curves. In contrast to the wave heights, the observations at FL48 and
FL49 show more or less the same behaviour as the other locations.
In Figure A.2.3.d the values of maximum wave height over water depth are plotted, as
function of dimensionless fetch gF/U102. The plot shows that only a fraction of the cases and
only those of FL47 have values of Hmax/depth above 0.73, implying depth limitations. If these
depth limiting values were to be removed from Figure A.2.3.a, the overall view – that the
wave heights at FL48 and FL49 are mainly above standard growth curves and at the other
locations on top or below - will not change. Hmax is estimated as 2* Hm0 here.
From Figure A.2.3.a (wave heights) and A.2.3.c (wave periods) it already follows that the
wave steepness of the waves at FL48 and FL49 is higher than at the other locations since the
wave heights are higher and the wave periods are not. This is more explicitly shown in Figure
A.2.3.e, presenting the wave steepness in terms of deep water steepness sTm-10,o and in
terms of Tp, where
(2.4.a)
sTm 10 , o 2 * H m 0 / ( gTm 10 2 )

sT p

L(T )

H m 0 / L (T p )

(2.4.b)

2

( gT / 2 ) * tanh(2 d / L(T ))

(2.5)

The deep water steepness sTm-10,o is in the range from 0.045 to 0.065 for locations FL02,
FL09, FL46 and FL47. At locations FL48 and FL49 the values are considerably higher, in the
range of 0.06 to 0.09 (see upper panel Fig A.2.3.e). These values are consistent with those
presented in Figure 4 of Bottema and Van Vledder (2008) for the short fetch cases at FL02
(wind direction close to 90º)
The lower panel of Fig A.2.3.e shows the sTp as function of gF/U102, with the steepness
according to the growth curves of Kahma and Calkoen (1992) indicated with the black line:

sTp

gx
0.086
U102

0.07

(2.6)

This figure shows that the steepness at FL02 and FL46 is lower than the growth curve
whereas the FL47 data is close to this line. The steepness at FL48 and FL49 is relatively
large compared to the theoretical steepness. Bottema (2007, p 131) mentions that for
stronger offshore winds (coming from the land) at short fetch locations, the steepness tends
to be larger than the theoretical steepness. Since our selection of data is exactly based on
strong offshore winds and short fetches, it is thus not surprising that the steepness at FL48
and FL49 is high.
Summarising, we find from this analysis that:
• The observed waves at FL48 and FL49 are more energetic for similar dimensionless fetch
than the waves at other locations and are higher than standard growth curves predict. If
observations do not fit the standard growth curves, SWAN is unlikely to reproduce them.
• The scatter in the observations is considerable.
• If the observations are considered separately per location, a steeper gradient in E* versus
gF/ u* 2 than the standard growth curves do.
• Applying effective dimensionless fetch or raw dimensionless fetch leads to the same
conclusions concerning wave growth as function of fetch.
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• The wave steepness at FL48 and FL49 is in general higher than at the other locations
considered, but in line with findings in Bottema and Van Vledder (2008).
2.5.4

Sensitivity in wave growth
The scatter in the upper panel of Fig A.2.3 is considerable. This implies that the
dimensionless fetch (gF/U102) is not the only parameter to determine the dimensionless wave
height (gHm0/U102). Apparently there are other properties to influence the wave height. In this
section the effect of temperature stratification in the atmospheric boundary layer and wave
age are considered, which are two properties that are identified in Babanin and Makin (2008)
as potentially significant and which can be computed from the quantities stored in the present
data set (see also Chapter 3).
• Temperature stratification
If the water is warmer than the air above, the atmospheric boundary later is unstable. There is
extra turbulence due to an upward heat flux, decreasing the vertical gradient in wind velocity.
The wind speed near the water surface will then be higher than in a thermally neutral situation
for a given U10. The opposite occurs when the water is colder than the air above: the
atmospheric boundary layer is stable and turbulence is suppressed. In this situation the
vertical gradient in wind velocity is large, so that the wind speed near the surface will be much
smaller than at 10 m height, and also – for a given U10 – smaller than in the neutral situation.
For the most relevant short fetch locations FL02 and FL48 we include the observed difference
in air temperature and water temperature in the plot of dimensionless wave height against
dimensionless fetch, see Figure A.2.4. Also for location FL47 which is located further
offshore, the temperatures are considered. At FL49 – closest to the shore - no temperature
observations are available. The panels on the left present per location the same dots as in
Fig. A.2.3, but the added colors indicate the temperature difference Tair – Twater. The panels
on the right-hand side present the temperature difference versus the difference between the
observed dimensionless wave height and the one based on the Kahma and Calkoen (1992)
curve.
Only for location FL48 some trend is visible: In the unstable atmosphere, the dimensionless
wave heights tend to be smaller and closer to the Kahma and Calkoen line than in stable
atmosphere. This is opposite to the expectation – and the findings in Bottema (2007) for low
wind velocities and large fetches - that the wind speed near the surface – and hence the
wave growth – would be larger during unstable conditions. However, the scatter is still very
large. At the other two considered locations – where the stable situation turns out to be quite
rare – there is no trend visible.
• Wave age
Since the roughness elements of the water surface are moving surface waves, it is not
unlikely that the phase velocity of the waves relative to the wind speed influences the wave
growth. Hereto we consider the inverse wave age (also referred to as ‘sea state’), defined as
U10/cp in which cp is the phase velocity at the peak of the spectrum. In Figure A.2.5 – showing
the dimensionless wave height against dimensionless fetch for locations FL02, FL49, FL48
and FL47 – the colors represent the inverse wave age. The panels on the right-hand side
present – as in Figure A.2.4 - the inverse wave age versus the difference between the
observed dimensionless wave height and the one based on the Kahma and Calkoen curve.
The plot indicates that in general, the higher waves are older which is not a surprise. At the
shortest fetch location FL49, the waves are rather young. The two outliers are for relative
older waves (in this case two situations with rather small wind speed 25 Dec 2012: U 10=10.1
m/s; Hm0=0.36 m; cp=4.0 m/s and 15 June 2013: U10=10.3 m/s; Hm0=0.4 m; cp=4.1 m/s).
These two outliers in wave age are both furthest off the growth curve by Kahma and Calkoen.
However, there is no clear trend visible, nor in the other locations.
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Altogether, we can conclude that there seems to be some effect of stratification on the wave
growth at location FL48 (in stable atmosphere, the observed wave heights are higher and
further off the curve by Kahma and Calkoen than in unstable conditions). The considered
observations give no clear evidence for any effect of wave age on wave growth.
2.5.5

Spectral shape FL48 and comparison to FL02
Figure A.2.3.a showed that the non dimensionless wave height at FL48 and FL49 is in
general higher than at other locations, for a similar dimensionless fetch. In this section we
compare the spectral shape of observations at FL48 with observations at FL02. We selected
a comparable situation in terms of significant wave height, wind speed and wind direction
relative to the dike normal. This means a condition with SW wind for FL48, and a condition
with easterly winds for FL02. The selected moments are May 10th, 2013 for FL48 and March
24th, for FL02 (see also Table 2.2). Note that the fetch at FL02 is a factor 1.5 larger than at
FL48. Also the dimensionless fetch (gF/ u* 2) at FL02 is for these conditions 1.5 times larger
than at FL48 (6*104 vs 4*104).
Figure A.2.6 in Appendix A shows the time evolution of the normalized spectra at those
locations. The spectra are normalized in terms of peak frequency and total energy (hence
have a unit area), and a band filter has been applied in order to smooth the spectra. The
spectra at FL02 are clearly more peaked than at FL48. It is interesting to note that the low
frequency flank of both spectra shifts to higher frequencies during the four considered hours.
The spectra at FL48 display a narrowing of the spectra, whereas those at FL02 are fairly
uniform in shape. Obviously, one situation is not sufficient to draw hard conclusions on, but it
already gives an idea that the spectra at FL48 could be wider than at FL02 in general.

2.6

Bench mark suite short fetch conditions

2.6.1

Introduction
Since one of the objectives of this study is to assess the accuracy and uncertainty of the
SWAN model for short fetch conditions, a Lake IJssel bench mark suite to compare SWAN
results with observed wave parameters is constructed. This section describes the case
selection and the setup of the SWAN reference runs. Note that we use Lake IJssel
observations because of its availability and the fact that here the wind growth process is
rather isolated., The ultimate interest is in the SWAN performance for the rivers where there
are no measurements and multiple processes occur. The reference runs are more or less
similar to the SWAN simulations for WTI on Benedenrivieren (Klein en Kroon (2011)). This
means that the same SWAN version, and the same physical and numerical settings were
used. All runs are done in stationary mode. An important difference however is that the WTI
runs concern severe storm situations (open water wind velocities 11 – 43 m/s) whereas the
wind velocities of the bench mark tests are rather 10 – 20 m/s.

2.6.2

Case selection
An initial selection consists of data from measuring locations FL47, FL48 and FL49, which in
fact are located in the same array, but with a varying distance from the shore. Furthermore,
FL02 and FL09 were also considered for the study, since the fetch for a relatively large range
of wind conditions is very limited (measuring locations close to the coast). Out of the eight
intervals with severe wind as mentioned in Section 2.5.3, situations were selected with rather
high wind velocity, fairly stationary and with wind directions more or less perpendicular to the
coast (max 33º difference from coast normal). For each of FL48, 49 this resulted in six cases.
For FL47 two of these are included (the other four are influenced by depth limitations, see
Appendix E) For FL02, one case was selected. For location FL09 two additional periods were
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found with strong NNE wind. Moreover, we included three cases from Bottema (2007), in
order to find consistency or reasons for possible differences. These concern winds from the
shore at locations FL25 and FL37. In total 20 combinations of conditions were selected which
can be found in Table 2.2. The cases concern both warmer and colder months. During the
warmer period April-October there is a possibility that algae influence the observations,
however as was shown above the data does not show different behaviour between summer
and winter months.

location

date & time

U10
[m/s]*

48/49
48/49
48/49
48/49
48/49
48/49
47
47
02
09
09
25
25
37

A: 04-10-12 16:20
B: 25-11-12 12:00
D: 31-12-12 03:00
E: 18-04-13 12:20
F: 10-05-13 10:40
G: 13-06-13 12:20
A: 04-10-12 16:20
F: 10-05-13 10:40
A: 24-03-13 06:20
A: 31-08-12 06:10
B: 16-05-13 19:50
IJG: 08-01-05
IJH: 12-02-05
IJK: 18-01-07

7.1
18.1
16.3
17.2
14.4
15.7
7.1
14.4
15.0
15.5
14.2
17.2
17.8
22.4

wind
dir
[°N]*
273
223
222
235
245
232
273
245
91
6
12
245
287
230

wind dir
relative to
coast
normal [º]
30
-20
-21
-8
2
-11
30
2
1
-17
-11
-9
33
3

Effective
Fetch [km]

Hm0 [m]
observed*

9.8 / 2.0 / 1.0
12.1 / 2.0 / 0.9
12.2 / 2.1 / 0.9
11.0 / 1.6 / 0.8
10.3 / 1.6 / 0.8
11.3 / 1.7 / 0.8
9.8 / 2.0 / 1.0
10.3 / 1.6 / 0.8
2.4
4.0
3.9
0.8
0.9
1.1

0.22
0.82
0.71
0.82
0.58
0.65
0.22
0.58
0.50
0.74
0.46
0.32
0.44
0.75

Table 2.2: Selected 20 cases for SWAN bench mark suite (codes IJ.. are from Bottema (2007)).
*) locally observed values, except for 48/49 displaying the values of FL48

2.6.3

SWAN set up reference series
For all 20 cases a hindcast has been made in the reference series. The setup of the
reference runs is more or less similar to the SWAN simulations for WTI. Both concern
stationary runs with SWAN version 40.72ABCDE. However, for the WTI SWAN runs on the
Benedenrivieren, a curvilinear grid was constructed, with cell sizes between 5 and 34 m. The
bench mark tests for Lake IJssel have rectilinear grids. For each location a dedicated
computational grid has been set up, see Figure A.2.2. Extra tests with larger computational
domains have been carried out for locations FL48, FL49 and FL25. Especially at location
FL49 this gave additional low frequency wave energy in a coast parallel direction. This ‘wave
steering’ is also observed by Bottema and Van Vledder (2008). In the observations it is not
clearly present. Since we focus in this study on the process of short fetch wave growth – thus
the higher frequency waves – these low frequency waves are not in our domain of interest.
Therefore we chose to consider the wave computations on the smaller computational grids. In
Appendix F, the comparison between the larger and smaller grids is present. Obviously, this
is an issue that needs to be resolved at a later stage.
• Geographical and spectral discretisation
The geographical resolution is 20 m x 20 m. The frequency domain is 0.08 - 4.0 Hz, by
SWAN divided into 41 bins. The directional resolution is 10°, covering the full circle.
Only the computational grid for FL47 is an exception on this. It covers a larger area and to
prevent memory errors, the resolution is 20 m x 40 m (coast parallel).
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• Bathymetry
For the runs of 2012/2013 the bathymetry is taken directly from the bottom file as used in the
WTI 2011 computations for Lake IJssel (‘G1U14S022S01.bot’). The resolution of this file is 40
m x 40 m. For the older cases from Bottema (2007), the bottom file from the SWIVT data
base is used (‘f130ijsse001.bot’), which is identical to the bottom file used by Bottema
(‘ijsm99.bot’) and also has a resolution of 40 m x 40 m.
• Wind and water level input
The wind velocity and wind direction are taken directly from the 10 min averaged wind
observations at the location of the considered wave measurements and applied uniformly
over the specific domain. The same holds for the water levels, which are supposed to be
uniform over the computational grid. The wave boundary condition is set at zero. Currents are
assumed to be negligible.
•Physical settings
The physical settings are based on the settings as used for WTI2011. The only difference is
the value for the friction coefficient which was 0.067 m 2s-3 in the WTI runs for Lake IJssel and
the Benedenrivieren, whereas here in the benchmark tests, we used 0.038 m 2s-3 which is
advised in the WTI settings (Deltares (2010)).
For the deep water physics the saturation based whitecapping according to Van der
Westhuysen (2007) (with default Cds2=5*10-5 (being the proportionality coefficient) and
BR=1.75*10-3 (the threshold spectral saturation level)) is used. Quadruplet nonlinear
interaction is modelled using the Discrete Interaction Approximation (DIA) of Hasselmann et
al. (1985). The shallow water source terms include triad nonlinear interactions according to
Eldeberky (1996). For depth-induced breaking, the formulation of Van der Westhuysen (2010)
is applied. The exact SWAN input for the physics is given below:
GEN3 WESTH
WCAP WESTH cds2=5.0e-05 br=0.00175 p0=4.0 powst=0.0 powk=0.0 &
nldisp=0.0 cds3=0.8 powfsh=1.0
QUAD iquad=2 lambda=0.25 cnl4=3.0e+07
LIMITER ursell=10.0 qb=1.0
FRIC JONSWAP cfjon=0.038
BREA WESTH alpha=0.96 pown=2.50 bref=-1.3963 shfac=500.0
TRIAD trfac=0.1 cutfr=2.5
• Numerical settings
The numerical settings include the curvature stopping criterion of 0.001, on at least 99.5% of
the wet grid points, with a maximum number of iterations of 100. A small degree of underrelaxation was applied to improve convergence-behaviour (alfa=0.001):
NUM STOPC dabs=0.00 drel=0.01 curvat=0.001 npnts=99.5 STAT mxitst=100 alfa=0.001
In the WTI runs for the Benedenrivieren, the required percentage of grid points to reach
convergence was slightly less (99% instead of 99.5%), and also the maximum number of
iterations (80 instead of 100).
• Output
The model output consists of various wave parameters on spatial maps and tables on a coast
normal transect through the measuring location. Furthermore, the model provides 1d spectra
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at the measurement locations. The wave parameters include Hm0, wave direction and various
wave periods like a.o. Tm-1,0 and Tp. Although the spectral domain stretches to 4 Hz, the
output quantities are computed on 0.08 – 1.5 Hz in order to compare with the observations
which are computed on 0.03 to 1.5 Hz (see also Figure A.2.8). From 0.03 to 0.08 Hz we
assume the variance density to be negligible.
2.7

Results and discussion of reference runs
A good impression of the results of the reference runs is given by the scatter plots of Figure
2.2 here below for both wave height Hm0 and wave periods Tm-1,0 and Tp. On the horizontal
axis the observations are plotted, on the vertical axis the SWAN results of the 20 runs. It is
clearly visible that SWAN tends to underestimate the observed wave heights and period Tm1,0, whereas Tp is better reproduced. Table B.2.1 in Appendix B contains the wave height and
wave period Tm-1,0 for all runs, including both the observations and the SWAN results.

Figure 2.2 Scatter plots SWAN reference runs versus observations, Hm0, Tm-1,0 and Tp

Although all runs are used in assessing the model accuracy, not all model results can be
visualised in the report. As an example of the 2d maps, Figure A.2.7 presents for FL48 the
results of significant wave height and wave period Tm-1,0 for the situation with U10=17.2 m/s
from 234°N. This shows essentially a 1-D growth situation, with very little longshore variation.
All wave parameters presented in this report refer to the frequency range 0.08 – 1.5 Hz,
whereas the full frequency range of the simulations is 0.08 – 4.0 Hz. This, in order to make
the SWAN results comparable with the observations where the frequency range is applied till
1.5 Hz. The reason for applying 4.0 Hz in the computations is to allow for a better start of the
wave growth. At the area of interest (the measurement locations) the amount of energy
between 1.5 Hz and 4.0 Hz which is missed by reducing the output frequency range, is rather
small (<5%). The SWAN full spectra are presented in Figure A.2.8. Also the observed spectra
are included in the plots. In Figure A.2.8.a, b and c the scaling is normal, in Figure A.2.8.d, e,
f the scaling is logarithmic, both in frequency and in energy. The spectra of FL09 are not
included since the observed spectra were not available. Especially for locations FL48 and
FL49, the spectra plots show that there is a clear underestimation of conditions by SWAN
when compared to the observed wave conditions. Another noticeable difference is that the
peak of the observed wave spectra is steeper, and higher. Moreover, it is possible to see that
the lower frequencies are not captured properly by SWAN; consequently, wave periods are
underestimated. Furthermore, in the spectrum of case G of FL49 a lower peak can be
observed in the lower frequency range of the measured conditions, this lower peak might
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arise from energy coming from a different direction, but it was not possible to fully assess this
conclusion since the data obtained from the observations has no direction. The spectra on
loglog scale indicate that the high frequency tail of both SWAN and the observations are alike
(f-4). In some cases (several locations during the relatively calm case A), the higher frequency
end of the tail is slightly lifted. This is probably caused by the finite sample frequency. Since
the amount of energy at these high frequencies is very limited, the influence of this on
significant wave height and wave period will be negligible. In the spectra of FL48 there seems
to be a slight start of a second harmonic (case D, E, F) which could be a sign for wave
asymmetry. However, these higher harmonics are very small. On the low frequency side we
see some noise at locations FL25 and FL37. This is better visible in the normal scaled
spectra than in the loglog ones. On all other locations the low frequency energy level is below
10-3 m 2/Hz, so there is no indication for outliers or trends.
2.8

Sensitivity analysis bench mark tests
A number of additional runs were defined to find out how sensitive the model is with respect
to variations in resolution, whitecapping formulations and higher wind speed. First of all, the
spatial resolution is increased from 20 m x 20 m to 10 m x 10 m. Due to memory limitations
the grid for FL47 has not been refined. Next, all cases were rerun with the so-called ‘Rogers’
formulation for whitecapping (Rogers et al (2003)). In these series, the default Komen
formulation is activated, with delta=1. This coefficient delta determines the dependency of the
whitecapping on wave number. Especially for lower frequencies, it is said to improve the
wave period predictions (SWAN team, 2013). Since SWAN version 40.91A the default value
for delta is 1, before it used to be 0. Finally, a test was done to see if (fictive) higher wind
speeds would improve the results.
Example how to activate ‘Rogers’ whitecapping in SWAN:
GEN3
WCAP KOM 0.0000236 0.00302 2.0 delta=1.0 1.0
series
1
2
3
4

Reference
HighRes
Rogers
HighWind

Table 2.3

computational
cell size
20 m x 20 m
10 m x 10 m
20 m x 20 m
20 m x 20 m

whitecapping
Westh (WTI)
Westh (WTI)
Komen/Rogers
Komen/Rogers

wind

local
local *1.3

Definition of sensitivity runs

Except for the last series with higher wind speeds, the results of the runs are rather similar.
The statistics of the various series can be found in Tables 2.4 here below. Note that the
reference run is mentioned twice, with different number of cases, to be comparable with both
the HighRes series (without FL47 because of memory limitations, see here above; N=26) and
the other series (all cases; N=20). The definition of the bias, standard deviation (std), relative
bias (relbias) and scatter index (s.i.) can be found in Appendix G.
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Hm0
bias

std

xmean

ymean

relbias

s.i.

[m]

[m]

[m]

[m]

[-]

[%]

Reference

-0.084

0.20

0.56

0.48

-0.15

18.2

20

Reference

-0.089

0.20

0.55

0.46

-0.16

18.8

18

HighRes

-0.090

0.20

0.55

0.46

-0.16

18.9

18

Rogers

-0.085

0.21

0.56

0.48

-0.15

21.3

20

HighWind

0.072

0.20

0.56

0.64

0.13

23.1

20

Series

N

Tm-1,0
bias

std

xmean

ymean

relbias

s.i.

[s]

[s]

[s]

[s]

[-]

[%]

Reference

-0.26

0.55

2.29

2.03

-0.11

5.51

20

Reference

-0.29

0.57

2.23

1.95

-0.13

4.71

18

HighRes

-0.29

0.57

2.23

1.94

-0.13

4.71

18

Rogers

-0.20

0.45

2.29

2.09

-0.09

7.51

20

HighWind

0.06

0.24

2.29

2.34

0.02

8.84

20

Case

N

Tp
bias

std

xmean

ymean

relbias

s.i.

[s]

[s]

[s]

[s]

[-]

[%]

Reference

-0.00

0.20

2.38

2.37

-0.00

8.04

20

Reference

-0.02

0.19

2.30

2.28

-0.01

8.20

18

HighRes

-0.02

0.19

2.30

2.28

-0.01

8.20

18

Rogers

-0.15

0.37

2.38

2.22

-0.06

8.14

20

HighWind

0.10

0.30

2.38

2.47

0.04

9.02

20

Case

Table 2.4

N

Statistical scores sensitivity analysis (xmean is the mean of the observations; ymean is the mean of the
SWAN results)

The influence of the resolution on the results is negligible which implies that the initial
resolution of 20 m x 20 m was sufficient. Regarding the effect of the Rogers whitecapping
formulation, it was also concluded that the effect for this given set of conditions is small, see
also Figure 2.3. The bias in Tm-1,0 improves since with Rogers whitecapping SWAN computes
larger values for Tm-1,0 here than in the reference runs (bias is -0.26 s for the reference run
versus -0.20 s for Rogers, see Table 2.4). The bias in Hm0 and Tp get slightly worse. For both
parameters the scatter index increases. The peak periods with Rogers are in general shorter
than with the reference settings, increasing the negative bias.

20 van 54

SWAN uncertainties for short fetches

1207807-001-HYE-0008, Version 2, 12 December 2013, final

Figure 2.3 Scatter plots SWAN sensitivity run ‘Rogers’ versus observations, Hm0, Tm-1,0 and Tp

The final series, with increased wind speed, obviously come closest to the observations, both
in terms of wave height and wave period. The larger scatter index is mainly due to the smaller
bias. One of the main reasons to perform this extra run was to identify if by increasing the
wind, the bias could be lowered. In fact it was possible to lower the bias since the relative
under estimation of SWAN was counteracted by an increase of the wind speed with an
arbitrary factor 1.3.
2.9

Determination of bias and standard deviation
One of the aims of this study was to provide the SWAN model uncertainty for short fetches, to
be used for the Hydra-ring probability analysis. Hereto the bias and standard deviation are
computed, based on the 20 runs. Also the relative bias and scatter index are assessed; see
the definitions in Appendix G. The results can be found in Table 2.4.

SWAN uncertainties for short fetches
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Hm0
bias

std

xmean

ymean

relbias

s.i.

[m]

[m]

[m]

[m]

[-]

[%]

Reference

-0.084

0.20

0.56

0.48

-0.15

18.2

20

Reference

-0.089

0.20

0.55

0.46

-0.16

18.8

18

HighRes

-0.090

0.20

0.55

0.46

-0.16

18.9

18

Rogers

-0.085

0.21

0.56

0.48

-0.15

21.3

20

HighWind

0.072

0.20

0.56

0.64

0.13

23.1

20

Series

N

Tm-1,0
bias

std

xmean

ymean

relbias

s.i.

[s]

[s]

[s]

[s]

[-]

[%]

Reference

-0.26

0.55

2.29

2.03

-0.11

5.51

20

Reference

-0.29

0.57

2.23

1.95

-0.13

4.71

18

HighRes

-0.29

0.57

2.23

1.94

-0.13

4.71

18

Rogers

-0.20

0.45

2.29

2.09

-0.09

7.51

20

HighWind

0.06

0.24

2.29

2.34

0.02

8.84

20

Case

N

Tp
bias

std

xmean

ymean

relbias

s.i.

[s]

[s]

[s]

[s]

[-]

[%]

Reference

-0.00

0.20

2.38

2.37

-0.00

8.04

20

Reference

-0.02

0.19

2.30

2.28

-0.01

8.20

18

HighRes

-0.02

0.19

2.30

2.28

-0.01

8.20

18

Rogers

-0.15

0.37

2.38

2.22

-0.06

8.14

20

HighWind

0.10

0.30

2.38

2.47

0.04

9.02

20

Case

N

Table 2.4. The overall error in wave height is -15%, the error in wave period -11%, so both quantities are

underestimated. The scatter index is 18% for the wave height, and 6% for wave period.

2.10

SWAN bias and standard deviation as function of fetch
In Figure A.2.9.a in Appendix A, the relative error ((SWAN-observation)/observation) is
plotted against the effective fetch. For significant wave height, the relative errors become
smaller (closer to zero) with increasing fetch. However, this is not surprising as the wave
heights for the shortest fetch situations are rather small so that an error of a few centimetres
could already be a considerable relative error. Also for the wave period, on average the error
grows to zero for larger fetches. Note that the largest observed period is about twice as large
as the smallest period, whereas the largest observed wave height is about 6 times larger than
the smallest wave height. This is also a reason for the larger spread in relative error of wave
height compared to wave period. Figure A.2.9.b shows the absolute error (SWANobservations) against effective fetch for wave height and wave period. Figure A.2.10.a and
A.2.10.b show similar plots for relative and absolute error against dimensionless effective
fetch (gFeff/U102). All plots show considerable scatter.
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These known errors (bias and scatter) could be applied as model uncertainties in the
probabilistic Hydra Ring tool in different ways. It is recommended to add the dependency on
fetch, which is for the moment rather weak but additional research could make the
dependency more distinct. For now, three options are given:
1. one average value, independent of fetch
2. linear fit as function of fetch
3. quadratic fit as function of fetch
These three options are given for absolute and relative bias, both for wave height and wave
period, see Table 2.5 and Table 2.6. The linear and quadratic fit do not differ much in the
range of data points. However, since the quadratic fit tends to grow rapidly outside this range,
preference is given to the linear fit.

SWAN uncertainties for short fetches
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parameter
Hm0

rel error [-]

abs error [m]

Tm-1,0

1
2
3
1
2
3

rel error [-]

1

abs error [s]

2
3
1
2
3

a

b

-6.942e-09

1.684e-05
9.556e-05

-3.304e-09

6.652e-06
4.412e-05

c
-0.15
-0.1591
-0.2613
-0.084
-0.1015
-0.1501

Fig

A.2.09a
A.2.09a
A.2.09b
A.2.09b

-0.11
4.661e-10

1.254e-05
7.252e-06

4.146e-09

2.378e-05
-2.323e-05

-0.1478
-0.1409
-0.26
-0.3227
-0.2617

A.2.09a
A.2.09a
A.2.09b
A.2.09b

Table 2.5: Fits for errors in Hm0 and Tm-1,0 as function of effective fetch (y = ax2 + bx + c; with x being effective fetch
[m]). The relative error is defined as (SWAN-observation)/observation, the absolute error is defined as
SWAN-observation

parameter
Hm0

Tm-1,0

a
rel error [-]

1

abs error [m]

2
3
1
2
3

rel error [-]

abs error [s]

Table 2.6

1
2
3
1
2
3

b

c

Fig

-0.15
-2.954e-07

2.271e-04
5.828e-04

-1.220e-07

1.230e-04
2.700e-04

-2.855e-08

1.209e-04
1.552e-04

-6.448e-08

2.739e-04
3.515e-04

-0.1565
-0.1858
-0.084
-0.1064
-0.1185
-0.11
-0.1372
-0.1140
-0.26
-0.3171
-0.3171

A.2.10a
A.2.10a
A.2.10b
A.2.10b
A.2.10a
A.2.10a
A.2.10b
A.2.10b

Fits for errors in Hm0 and Tm-1,0 as function of dimensionless fetch (y = ax 2 + bx + c; with x being
dimensionless fetch). The relative error is defined as (SWAN-observation)/observation, the absolute
error is defined as SWAN-observation

We suggest the following ‘procedure’ to use the model uncertainties, based on the linear fit
and effective fetch as base parameter. The reason for this is that the quadratic fit grows
rapidly to high and possible unrealistic values outside our data range. The effective fetch is
chosen above dimensionless fetch because the effective fetch is easier to assess and whilst
the scatter is similar in both cases. Note that these uncertainties are specifically for short
fetch conditions. They are not valid for conditions with larger fetches (5-10 km) nor for depth
limited conditions. For these situations other values have been derived (Deltares, 2013b).
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1. For each Hydra output location, determine the effective fetch (Feff) in meters per
wind direction considered.
2. Assess the relative bias for Hm0 and Tm-1,0, based on the linear fit so:
relative error Hm0
= 1.684*10-5 * Feff - 0.1591
relative error Tm-1,0
= 1.254 *10-5 * Feff - 0.1478
3. Adjust the SWAN results from the Hydra-database to compensate for the relative
errors.
4. Use the scatter index (18.2% for Hm0 and 5.51% for Tm-1,0, see Table 2.4) to
account for scatter in a way to be decided within Hydra Ring.
2.11

Conclusions
An analysis of illustration points on the Dutch tidal rivers shows that typical dimensional
fetches are between 500 m and 1000 m, and the maximum is just above 5 km. Considering
the dimensionless fetch Fdls (Fg/ 2), typical values are about 0.5*104, with maxima of almost
4*104. So, short fetch conditions are relevant for the hydraulic boundary conditions on Dutch
rivers and estuaries.
When plotting the Lake IJssel observations as dimensionless wave height against
dimensionless fetch (Figure A.2.3), the observations at the shortest fetch locations FL48 and
FL49 are all above the standard growth curves, whereas the observations at the other
locations are on top or below those curves with considerable scatter. Concerning the
observations, inclusion of wave age is unlikely to reduce the scatter. However, there seems to
be some effect of air-water stratification on the wave growth at location FL48. In stable
atmosphere, the observed wave heights are higher and further off the curve by Kahma and
Calkoen than in unstable conditions. This is counter expectation.
Based on a benchmark suite consisting of 20 cases at Lake IJssel – many of which from this
FL48/FL49 dataset - the relative bias of SWAN with WTI settings is -15% for Hm0 and -11%
for Tm-1,0. The scatter index is 18% for the wave height, and 5.5% for wave period. Since
higher geographical resolution does not improve the results, the resolution of 20 m x 20 m as
applied in this study is sufficiently high for Lake IJssel. The sensitivity run with the so-called
Rogers settings for whitecapping (Komen, delta=1) gives better results for Tm-1,0, but less
good results for Hm0 and Tp The scatter increases compared to the reference run with
whitecapping according to Van der Westhuysen.
Based on the 20 SWAN cases, the dependency of bias on effective fetch is rather weak. Still,
both linear and quadratic fits are given for Hm0 and Tm-1,0 , for both the relative error and the
absolute error. It is recommended to apply this dependency on fetch with the linear fit in
Hydra Ring.
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3 Plan of action: Investigation into wave scaling issues
3.1

Introduction
A key element in the determination of Hydraulic Boundary Conditions (HBC) is the application
of the numerical wave model SWAN. The present settings of the SWAN model have been
obtained by calibration against well-established growth curves (e.g. Kahma and Calkoen,
1992) and results obtained with the SWAN model are satisfactory for most conditions
encountered in the Netherlands. Applying the wave model SWAN to conditions that fall
outside the range of conditions that were used for calibrating the model, is based on the
assumption that the parameterisations of the physical processes are also valid for e.g.
extreme conditions and short fetches. This poses an uncertainty as it is unknown whether the
implemented parameterisations also hold for other conditions. The best way to reduce this
uncertainty is to include a better description of the physical processes involved. Also the Lake
IJssel wind and wave measurements show considerable variation in wave energy for equal
dimensionless fetches, indicating that the dimensionless fetch is not the only parameter to
consider when predicting wave heights.
Based on the above considerations reducing the scatter in the SWAN results is needed to
narrow the band of uncertainty in the derived HBC. This aim is equivalent to improve the
parameterisations of the physical processes in SWAN. Although this is a continuing activity,
we see possibilities to achieve a significant scatter reduction in the coming years. This
expectation is based on new insights described in the literature on wave growth at short
fetches and under extreme conditions. These insights will also help to extend our analysis of
the Lake IJssel data to search for physical reasons for this scatter. In addition, we can
investigate data sets collected outside the Netherlands to address scaling issues for extreme
conditions, but also to support findings deduced from measurements collected in Lake IJssel.
We expect that these investigations will lead not only to a better understanding of wave
growth at short fetches, but also to better knowledge of other wave phenomena in the sea
and inland water systems such as wave growth at extreme wind speeds. By including
additional parameters in the parameterisation in SWAN (source terms) this will lead to better
model results. Adding new (physical) parameters is also of interest for extending the on-going
measurement campaign being performed in Lake IJssel with additional parameters to be
measured.
In this chapter we draw up a plan of action with the aim to find the controlling parameters in
order to reduce the supposed natural variability and improve the scalability of wave growth
and thus increase the reliability of wave modelling under extreme conditions. The time scale
of the plan is in the order of two years. The focus is on the wave growth at short-fetches, but
not restricted to these, as model developments will also be beneficial to other types of
applications.

3.2
3.2.1

Approach
Lake IJssel data
The data collected in Lake IJssel play a significant role in our plan of action, as these data
comprise a long-term data set and because they include various locations ideally suited to
investigate short fetch wave growth (Bottema and Van Vledder, 2009).
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As the figures in the previous chapter indicated, the measured integral wave data display
quite a large amount of scatter relative to predictive formulas. This variability in the data could
be a “natural variability” due to the inherent stochastic nature of wave evolution, it could also
be caused by an imperfect understanding and parameterization of the governing parameters,
and most likely both.
3.2.2

Parameter identification
Based on literature, we will identify possible parameters to further constrain the scatter found
in the data. This identification will lead to a plan of action on what steps to take to further
constrain or classify the short fetch data measured in Lake IJssel. This classification in terms
of other parameters than wind speed would give directions in the interpretation of wave model
performance (in terms of bias and uncertainty). Ultimately (beyond the scope of the present
work), a successful scatter reduction could lead to new insights into new wave growth
formulations based on an expanded set of parameters and parametrizations for wave
modelling.

3.2.3

Additional data sets
In addition, we have identified a number of data sets related to short fetch wave growth that
potentially contribute to a better understanding of the relevant physical processes, see
Section 3.4.3.

3.3
3.3.1

Identification of phenomena and relevance short fetch conditions
Introduction
Assuming that the scatter (in wave energy and peak period as function of dimensionless
fetch) in the field observations is not fully attributable to an inherent natural variability, a
reduction in scatter is expected by identifying additional parameters affecting wave growth at
short fetches. Such identification may lead to a stratification of the scatter ‘clouds’. Once
relevant parameters are identified, this may lead to a redefinition of the on-going
measurement campaigns and of changing the driving parameters of the wave model.
In this section we identify – based on existing literature - the potentially important properties
and phenomena in the atmosphere-wave boundary layer, their parameters and their
relevance for deep water (short fetch) physics. The relevance of and relationships between
these aspects will be discussed and a prioritization will be given of issues that need attention
in the coming years.

3.3.2

Relevant literature
In many wave and hydrodynamic models a linear dependence in Cd of U10 is assumed. The
default formulation in SWAN is based on Wu (1982). Holthuijsen et al. (2012) derived a
second-order relation between the drag coefficient Cd and wind speed U10 in hurricane
conditions. A parameterisation of their results of the Cd dependence on wind speed U10 is
given in Zijlema et al. (2012). A key feature of this parameterisation is that the drag coefficient
Cd does not increase linearly with wind speed, but that its growth slows down, reaching a
peak at a wind speed of about 30 m/s to diminish with higher wind speeds. The physical
reason behind this behaviour seems to be related to the generation of a foam layer,
effectively smoothing the water surface such that the wind has less grip on the waves.
Drennan et al. (2003) performed an analysis of wave growth over pure wind seas to
investigate the dependence of wind stress on wave age (defined as u*/cp). Their analysis is
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based on five measurement campaigns in the western Mediterranean Sea, including the socalled FETCH experiment (Hauser et al., 2003). Their analysis suggests also dependence of
wind stress on inverse wave age ( /cp).
Babanin and Makin (2008) (referred to as BM2008) identify a host of mechanisms that could
explain the scatter, related to their particular case of the Lake George (Australia)
experiments. They confirm that for their data set an air-sea coupling parameterized using a
Cd drag coefficient as a function of the mean U10 wind speed, produces significant scatter.
However, the mean wind speed is not the only controlling parameter as wave growth is
affected by other factors as well. They list in total sixteen possible mechanisms, but the
relevance of these items for short fetch waves growth is not given. This list will be the starting
point of the identification of phenomena, see Table 3.1 in the next section. Additional
mechanisms are also included in this table.
Edson et al. (2013) studied the exchange of momentum over the open ocean. They also
investigated the role of wind speed U10 and inverse wave age /cp on the scaling of the drag
coefficient Cd. They found that for open ocean conditions both approaches lead to similar
results as the relationship between wind speed and inverse wave age is quite linear. The
implications of these interesting results for short fetches or for strong winds well over 25 m/s
were not addressed in Edson et al. (2013) and need further attention.
3.3.3

Identification of phenomena
In this section we identify the potentially important properties and phenomena in the
atmosphere-wave boundary layer, their parameters and their relevance for deep water (short
fetch) physics. They are listed in Table 3.1. Note that BM2008 relate these parameters to the
drag coefficient, which they could directly measure through . This instrumental set up is not
present in the Lake IJssel array yet, but is foreseen in the near future, see Chapter 4.
An initial analysis of this table and its relevance for the wave growth at short fetches is
provided. Since short fetch waves are typically in deep water the relevance for deep water is
qualified in Table 3.1 as well. After a discussion of various items in this table, a prioritization is
proposed to focus on the most important issues.

SWAN uncertainties for short fetches
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Properties and Phenomena
1
2
3
4
5
6

Mean wind speed
Sea state, inverse of the
wave age
Wave steepness
Flow separation in strongly
forced wind waves
Wave breaking

7

Temporal
gradients
Gustiness

8

Temperature stratification

9
10

Swell
Non linear
interactions

11

Wave shape (skewness and
asymmetry)
Variation at wave group
scales
Wave directionality relative to
mean wind directionality

12
13

14

wind

wind

speed

Parameter
s
U10 or
U/cp

++
++

Well-established
Established

Hm0*kp/2

++

Steepness is large for young seas

-

In deep water case related to
steepness wave breaking, see 3)
BM2008 show no clear trend in their
data
This parameter identifies the outliers
in the BM data
Not important in shallow lakes with
constant temperatures but could be
of interest in Lake IJssel in instable
weather.
Not present in short fetch lake data
Has an important role in wave
growth.
Quality
of
the
parameterisation in wave models
affects spectral shape and ultimately
wave growth.
No information

(U10)/
Time
Std(U10)/
mean(U10)
(Ta-Tw)

Relevance for deep water physics

+
++
+

+

wave

wave-

-

No information

+/-

Wave direction is presently not
measured. This would require a new
type of instrument.
Wave direction is presently not
measured.

wind

Wave
short-crestedness,
also referred to as directional
spreading
Air/sea coupling effects

+/-

-

17

Other effects not relevant at
moderate speeds
Land-water transition effects

18

Current effects

15

16

Table 3.1
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+

+

Ucur

+/-

Two-way effects are known to be
important. However, a two-way
coupling is not yet implemented.
The data sets at Lake IJssel are
mostly at moderate wind speeds
Excluded in the BM2008 analysis.
Relevant for Lake IJssel situation.
Parameters to be addressed using
numerical
modelling
(e.g.
HARMONIE or WRF)
Wind-driven currents may affect the
shortest waves during wave growth.
They are neither measured or
modelled for modelling purposes

List with phenomena relevant for short fetch wave growth
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#1: Wind speed
In the wave modeling community there is an ongoing discussion whether wave growth scales
with wind speed U10 or friction velocity (Komen et al., 1994). For wave growth the wind
stress at the water surface is important, which depends on friction velocity and density of
air, or on wind speed U10 and drag coefficient Cd according to:
air

u*2

air

C d U 102

(3.1)

The drag coefficient Cd relates the friction velocity

u*2

and wind speed U10 according to:

C dU 102

(3.2)

The relation between wind speed and friction velocity is usually parameterized according to a
linear relationship by Wu (1982):

Cd

1.278 10 3
(0.8 0.065U 10 ) 10

3

for U 10
for U 10

7.5m/s
7.5m/s

(3.3)

In the SWAN model, the wind forcing is specified in terms of wind speed U10 and its direction.
Internally, the wind speed U10 is converted to
using the above parameterization and
plugged in the source term for wave growth which is formulated in terms of /c.
Holthuijsen et al. (2012) and Zijlema et al. (2012) address the relation between wind speed
U10 and drag coefficient Cd. A key finding is that Cd does not linearly increase with wind speed
as suggested by Wu (1982) and others. Instead the drag coefficients show saturation at a
wind speed of about 30 m/s followed by a decrease with increasing wind speed. In addition,
Holthuijsen et al. (2012) suggest that in situations where wind and waves are perpendicular to
each other, the drag coefficient strongly increases.

Figure 3.1 Observed values of the wind drag coefficient Cd from various studies and the weighted best-fit 2nd- and
4th-order polynomial (n is the number of independent data points per study), source Zijlema et al.
(2012).

To overcome uncertainties in choosing a parameterization to convert U 10 into
, it is
recommended to drive the wave model (SWAN) with instead of U10, thus avoiding the fixed
SWAN uncertainties for short fetches
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relation (3.3). However, this option is not yet included in the SWAN code, because proper
values are often not available whereas U10 values are. The relation between U10 and
may
also depend on the atmospheric stability.
#2: Sea state or inverse wave age
The inverse wave age or sea state dependence (U10/cp) has been recognized in a number of
observational studies. As BM2008 note, decades of research have shown little progress on
reducing the scatter, but these are not a simple function of mean wind speed. Still, for short
fetches this parameter may be of interest to identify as (U10/cp) is close to one, i.e. waves are
propagating at the same speed as the wind and are more likely to exchange energy. Indeed,
BM2008 show that the deep-water data exhibit a good correlation with the wind-forcing
parameter (U10/cp) (diamond symbols in their Figure 5b).
Edson et al. (2013) also discuss the role of inverse wave age on wave growth. For open sea
conditions and wind speeds up to about 25 m/s they seem to be able to reconcile both
approaches, so both scaling with U10 and with inverse wave age. They discuss the limitation
of scaling the drag coefficient with wind speed U10 alone, noting that the sea state is usually
rougher for younger waves for any wind speed. Therefore, a dependence on wave-age is
expected and that some of the scatter in the drag coefficient versus wind speed should be
attributed to processes that cannot be represented by wind speed alone, such as the duration
of a wind event, fetch length, water depth, etc., all of which affect the wave age. In their
analyses they find a strong relation between the wave age and the variability in
which is
largely a function of wind speed, and/or cp. An implication of these findings is that for opensea conditions wind speed U10N and
/cp are strongly coupled, thus reconciling both
approaches. They also discuss some measurements for higher wind speeds, noting that for
wind speeds higher than 20 m/s, the drag coefficient seems to level off. However, they have
insufficient data to draw firm conclusions on this issue. For fetch-limited situations and
shallow water environments they note that the nearly linear relationship between wind speed
and inverse wave age does not always hold, supporting the need for further detailed
measurements in such circumstances.
Drennan et al. (2003) also investigated the effect of inverse wave age on the wind stress,
where they defined inverse wave age as the ratio of friction velocity over peak phase speed
/cp. Their results suggest a stratification of the drag coefficient C d as a function of both wind
speed U10 and wave age /cp. Their results (their Figure 10) are reproduced below.
Note that the Van der Westhuysen (2007) formulation already includes a wave age
dependency in its scaling.
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Figure 3.2 Drag coefficient versus wind speed, both 10 m neutral, for FETCH wind sea data. (Source and more
details in Drennan et al., 2003)

#3: Wave steepness
Waves in young seas, which correspond to short fetch conditions for this purpose, are on
average steeper than depth-limited waves (which BM2008 expect would contribute to wave
growth), but the drag is surprisingly not larger on average which could give insight into the
growth of short-fetched waves. There may be several mechanisms in place that may explain
this behaviour.
Note that most (if not all) whitecapping expressions contain some measure of wave
steepness.
#5: Wave breaking
Schwendeman et al. (2013) investigated the role of wave breaking in young developing wind
seas (measured in the Strait of Juan de Fuca). They noticed differences in observed and
expected wave breaking rates, and discrepancies between observed wave growth and fetchlimited scaling laws. Fortunately, the data collected by Schwendeman et al. (2013) has been
made available to Deltares and TU Delft, to further investigate wave growth at short fetches.
#6: Temporal wind speed gradients
BM2008 show no clear trend of the Cd value on the wind speed gradients (their Fig. 11). Still,
the expectation is that clear gradients could be an issue since waves display an inertial
response to wind input, i.e. they will lag in height on the actual wind speed. This inertia may
explain part of the scatter as wave properties (and their parameters) may still adapt to the
new wind situation. As stated by Claessens et al. (2002) the waves responds almost
instantaneously to sudden increase in wind speed. This will probably also hold for directional
changes in storm systems with changing wind directions. It is therefore unlikely that inertia
effects contribute to the observed scatter. Exploring the relevance of non-stationary
simulations is discussed in 3.4.5.
#7: Gustiness
BM2008 show that the most distant outliers in the field data were associated with high wind
gustiness (their Figure 9). Note that the data filtered out due to high gustiness is the deep
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water data, which indicates that gustiness is especially important in those conditions. Bottema
(2007) shows that gustiness (defined differently than BM2008) is largest at the most upwind
station in their data set, see his Figure 4.15. Bottema and van Vledder (2009) show (their Fig
7b) that two types of behavior are possible with the same forcing, possibly due to differences
in gustiness. Generally, the scatter reflects case-to-case variability, rather than variations
within cases (like in very gusty winds). The similar scatter trends in the wave height H m0 and
mean wave spectral period Tm01 suggest that case-to-case variability may well be related to
atmospheric conditions that are not yet understood. Note that gustiness is not included in the
Lake IJssel data set as mentioned in Chapter 2, but since raw data is available, the gusts can
still be assessed and analyzed. As gustiness is related to atmospheric stability and difference
in upwind (land) roughness, this aspect should be analysed in relation with these phenomena.
#8: Air-water temperature differences
BM2008 indicated that for Lake George temperature stratification was not important.
However, Bottema (2007) shows a dependence of wave height on air-water temperature
difference, but only for weaker winds, and the dependence disappears for short fetches
(stronger wind for the given location), see their Figure 6.13. In addition, Bottema and van
Vledder (2009) note that stable conditions of warm wind over cold water produce short fetch
maxima, but direct effects on wave growth could only be detected for wind speeds lower than
10 m/s, , making it difficult to draw firm conclusions about this effect. As long as it is not clear
to what measure these differences are relevant for wave growth, these temperature
parameters should be measured where possible.
#11: Wave skewness
In short-fetch, deep water conditions waves are likely to exhibit a non-zero wave skewness
(wave crests are peakier than wave troughs), which - as was discussed under #3 - could lead
to an increased drag or changing air-flow separation. No systematic studies to this effect are
known.
#13-14: Wave directionality
In young developing wind seas the waves are directionally spread and directional effects
should play a role in wave growth. Especially in slanting fetch situations and situations
leading to directionally skewed spectra, wave directionality may be important. Bottema and
Van Vledder (2008) have shown with model experiments that in slanting fetch situations
various physical processes affect the growth of the wave spectrum. Properly catching these
processes in wave model source terms turned out be quite difficult (Ardhuin et al. 2007,
Pettersson et al. 2010). Physical processes that may need further attention are whitecapping, non-linear four-wave interactions, but also wind drag (wind and wave direction
perpendicular to each other) as these are the primary processes active during wave growth.
These processes cannot directly be measured, only their effects on the 2D-wave spectrum.
Measuring directional properties of the wave field may contribute to validate wave model
parameterisations. Holthuijsen et al. (2012) have shown that the drag coefficient may become
rather high when wind and wave directions are perpendicular to each other.
So far, directional properties of wind waves in Lake IJssel have not been measured. An
interesting development to measure wave directionality on Lake IJssel is to apply a tripod
system of three step gauges. This system has been proposed by Etrometa, the manufacturer
of the step gauge. This system setup provides a robust way of performing long-term
directional wave measurements in the inland waters of the Netherlands. The precise set-up
and the accuracy that can be achieved with such a system need further attention. Otherwise
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remote-sensing techniques using mobile X-band systems might be deployed to infer
directional information during specific events, supplementing other types of measurements
#15: air-sea coupling
In reality the atmosphere and the water surface influence each other. In the present approach
we try to find statistical relations between parameters of both the wave field and the
atmosphere, aiming for improved understanding of the physics involved. Charles and Hemer
(2013) address the problems associated in coupling the ocean and atmosphere. They attempt
to improve sea surface roughness parameterization and they find results that do not support
the findings of Drennan et al. (2003). However, when it comes to modelling waves at short
fetches, only improvements in the wave model and its forcing are foreseen. An attempt to
include this in SWAN has been done by Janssen (1991) but with performance issues. A more
fundamental approach would be to include properties of the wave field into the modelling of
the atmospheric boundary layer. This would imply a significant research effort stretching over
many years.
#16-17: land-sea transitions and spatial variation of wind
Land-sea transitions and spatial variation of wind were explicitly excluded by BM2008 through
their selection of “onshore” winds relative to their experimental set up. For the Dutch situation
of short-fetch waves and the experimental setup at Lake IJssel this is very relevant. The
spatial variation of wind speed with fetch has been studied by Taylor and Lee (1984) who
suggest an equation to relate wind speed with fetch and a land surface roughness. Also
Dobson et al. (1989) and Makin and Kudryavtsev (1999, See Chapter 3 of Alkyon 1999)
address this issue and Van Vledder (1999) investigates the consequence of choosing a
constant wind speed on wave growth.
In the last years atmospheric models have become quite sophisticated such that they are
able to predict the spatial variation of the wind field after land-sea transitions. A relatively
crude approach is downscaling of e.g. 11 km HIRLAM winds. However, the present state-ofthe-art models HARMONIE and WRF have even smaller spatial resolutions and provide
surprisingly detailed wind fields which clearly show the effect of land-sea transitions on the
spatial variation of wind speed in the downwind direction. An example of such model results is
shown in Figure 3.4, obtained with the WRF model. The figure shows a snapshot of the wind
field for the storm of January 2012, at Jan. 3, 10:00 hours.
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Figure 3.3 Spatial variation of wind field (U10 in m/s) around Lake IJssel computed with the WRF model for 3 Jan.
2012, 10:00 hours. Source: Hein Zelle, BMT ARGOSS.

The figure clearly shows the effect of differences in surface roughness on the wind field,
including the effect of land-sea transition on the development of the surface wind. Although
these results show expected features, further validation thereof is still required. Another
benefit of applying such models is that they also provide information on atmospheric stability,
humidity, the vertical velocity profile and the drag coefficient..
#18: Current effects
On lakes, current effects have been assumed small (Bottema and Van Vledder, 2008) or not
considered at all (Babanin and Makin, 2008). Yet, wind-driven circulation, especially in the
surface layer, could be important in the case of propagation of young sea waves (which
smaller speeds). As shown by Alkyon (2005) wind-driven currents on Lake IJssel can can be
quite inhomogeneous requiring that 2D- or 3D current information. Point measurements can
then be used to calibrate such circulation models. We recommend that currents are to be
measured at the wave gauge locations or from land-based (X-band or HF) radar stations to
infer the spatial structure of the surface current under wind forcing. It is noted that circulation
models are also needed to predict water level variations, which are especially important for
shallow water situations where depth effects may become dominant over wind effects.
3.3.4

Prioritization
Table 3.1 summarizes possible processes that may affect short fetch wave growth. However,
not all of these processes are relevant for WTI purposes. In addition, some processes are
strongly related to other processes. From a physical point of view we consider the following
processes of dominant importance for wave growth at short fetches
Atmospheric stability (related effects are: land roughness, gustiness, temperature
differences);;
Spatial variation of wind speed and friction velocity;
Dependence of sea drag on wind speed, wave age and atmospheric stability.
Understanding these phenomena should lead to improved parameterisations in model
applications and ultimately to an improved SWAN model.
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Model performance is, in decreasing importance, determined by:
the quality of the driving forces (primarily wind and to a lesser degree depth effects
and currents);
the parameterisaton of physical processes (drag coefficient and to a lesser extent
whitecapping, quadruplet interactions and depth-limited wave breaking);
numerical modeling of propagation.
In the following section, this prioritization is kept in mind, in the detailing of a workplan.
3.4

Plan of approach 2014
Based on the inventory and discussion described above, a plan of action for the years 2014
and 2015 is proposed. It is noted that for 2014 a detailed plan can be given, whereas for 2015
only a first suggestion is proposed as its actual plan depends on the outcome of the activities
performed in 2014.
In order to investigate the origin of the variability in the wave response at short fetches and to
provide recommendations for reducing this variability by improving the wave model we
propose the following approach:
Literature survey
Analysis of wave data sets, including collection and analysis of foreign datasets
Numerical modelling of wind field variability
Sensitivity analysis using the wave model SWAN
Collection of additional hydro-dynamics parameters.
Improving the SWAN wave model.
For each of these study items an overview is given of its purpose, the proposed activities, its
relation with other study items and an estimate of the time needed for its execution. A
summary of all activities is provided in 3.4.7 at the end of this section.

3.4.1

Literature survey
The purpose of this activity is to briefly summarize relevant literature regarding wave growth
at short fetches and scaling issues for extreme wind conditions at larger dimensional fetches
that may help to improve our understanding on this topic. So far we have identified various
interesting articles addressing wave growth at short fetches and scaling issues, e.g., Dobson
et al. (1989), Van Vledder (1999), Babanin and Makin (2008), Drennan et al. (2003), Long
and Resio (2006), Romero and Melville (2010), Long and Resio (2007), Holthuijsen et al.
(2012), Zijlema et al. (2012), Edson et al. (2013), Schwendeman et al. (2013) and Charles
and Hemer (2013) and a discussion on gustiness in Komen et al. (1994). In addition, new
source terms developed in the NOPP project (Tolman et al., 2013) will be considered for
implementation in SWAN. These source terms comprise new formulations for whitecapping
and quadruplets, are now mostly implemented in the Wavewatch III model for ocean scale
applications. This list is preliminary and may be extended in the course of execution of this
task. The outcome of this task is a clear overview of the relevant parameters to be studied in
the following activities.
The duration of this action is expected to last two weeks.

3.4.2

Analysis of wave data sets
The purpose of analysing data sets containing information on wave growth at short fetches is
to obtain a better understanding of the physical processes and their parameters. Relevant
parameters will be obtained from the results of the literature survey. Previous analyses
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(Bottema, 2007) showed that it is difficult to obtain clear trends and relationships. In view of
longer time series and the availability of other measurements locations and techniques we
hope to a step forward.
For this study we propose to use the Lake IJssel data and useful foreign data sets. For
foreign datasets it is important to carry out a careful data selection to ensure that relevant
physical processes are studied. Of these the Lake IJssel data are the easiest to study as they
are already in our hands and quite extensive. Although many studies have already been
performed for Lake IJssel, the data of the relatively new locations FL47, FL48 and FL49 have
not been studied extensively yet. Furthermore, it will be interesting to make similar analyses
as in BM2008 and Drennan et al (2003) in order to find out whether the Lake IJssel data set
provides similar relations. We will focus the analysis on the Lake IJssel short-fetch condition
field data obtained at stations such as FL25, FL2, FL48/49. For these data we propose to
perform the following analyses:
•
Determination of relative wave length (BM2008 Fig 3) to classify data into deep,
intermediate and shallow water. The hypothesis is that all short-fetch data will be in the
deep water range.
•
Determination of wave age as function of mean wind speed and wave steepness (peak)
as function of mean wind speed to verify consistency with BM2008 Fig 4. Determination
of gustiness and detrended gustiness as a function of U10, and classification of
measured wave heights depending on gustiness.
•
Determine the relation between gustiness, atmospheric stability and mean wind speed.
The result of this activity may be a recommendation to extend the wave growth
formulation (or even white-capping) in the SWAN model.
•
Investigation of the relation between wave growth in terms of wind speed, air-water
temperature difference, gustiness, inverse wave age and wave steepness. The purpose
of this detailed analysis is to search for trends that may help identifying the relevant
physical processes in fetch-limited wave growth. Some first efforts can be found in
Section 2.2 of the present report.
The outcome of this (re-)analysis will be an initial description of the physical processes
relevant to wave growth at short fetches under (non-dimensional) extreme conditions.
The duration of this activity is estimated to last approximately two months.
3.4.3

Collection and analysis of other relevant field data
The purpose of this task is to extend our basis of wave data to be able to strengthen the
general applicability of obtained relations. Furthermore, conditions that are for Dutch concepts
considered to be extreme, might occur regularly in other areas. This goal will be achieved by
collecting and analysing the foreign datasets, where possible in a similar way as the Lake
IJssel data.
Various datasets have been identified related to wave growth at short fetches which may be
obtained to be analysed for our purposes. Below a summary is given of each dataset,
including a description of the added value of each dataset. It is noted that some measurement
campaigns were carried in areas that show different topographic features compared to the
Dutch water systems. However, in the data analysis attention will be paid to the relevant
physical phenomena, requiring a proper data selection to be useful for our purposes.
Currituck Sound, North Carolina, USA.
This area is a narrow sheltered lagoon situated between barrier islands (the Outer Banks)
and the main land. Long and Resio (2006) have performed detailed measurements in this
sound and data are available via the ONR funded NOPP project database to which TU Delft
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and BMT ARGOSS have access. Unique (compared to the Lake IJssel data) features are
high (hurricane) wind speeds, short fetches, and directional wave data.
Strait of Juan Fuca
This straight is located west of Vancouver and separates Vancouver Island (Canada) and the
Olympic peninsula (Washington, USA). In 2012 detailed wind and wave measurements were
performed by the University of Vancouver (Schwendeman et al. 2013). These data contain
severe sea states, with high wind speeds and direct measurements of wave breaking and
friction velocity. The main results of this data set have already been obtained from the authors
awaiting analysis.
The results of these analyses may extend the range of physical conditions compared to the
Lake IJssel data, although the strong Pacific swell possibly reduces the relevance for Lake
IJssel and the Dutch rivers. In addition, they may support conclusions drawn on the basis of
the analysis of the Lake IJssel data.
The duration of these activities is expected to last about 2 weeks per dataset, so in total 6
weeks.
3.4.4

Numerical wind modelling of wind field variation
The purpose of this task is to determine the spatial variation of wind speed after a land-sea
transition and to determine its importance for wave growth at short fetches. As shown by
Kudryavtsev and Makin (1996) and Makin and Kudryavtsev (Alkyon, 1999) the land-sea
transition results in a discontinuity in the atmospheric boundary layer which depends on
various parameters including differences in surface roughness, wind speed and atmospheric
stability. Recent developments in high resolution atmospheric modelling (HARMONIE and
WRF) allow to perform numerical experiments to investigate the evolution of surface wind
speed after land-sea transitions for a range of conditions, including effects of e.g. atmospheric
stability, land roughness, and extreme wind speed.. These developments make parametric
downscaling technique obsolete. However, validation of these model results against local
data (e.g. FL48 and FL49) is required.
An advantage of such model exercise is that they may provide direct information on both wind
speed U10 and the friction velocity . In addition, these models can be used to predict wind
fields under extreme conditions.
The results of this activity will be used as input for sensitivity runs with the SWAN model.
The duration of this activity is expected to be 4 weeks.

3.4.5

Sensitivity runs with the SWAN model
The purpose of this task is to investigate the added value of including better
parameterisations (source terms) in, and an improved forcing (spatial variation of wind field)
of the SWAN model. These improvements are the expected results of previous activities
leading to new insights in wave growth at short fetches for a range of conditions occurring in
the Dutch coastal and inland waters.
New parameterisations will not only be based on the outcome of previous tasks in this
workplan, but will also be based on developments occurring in various other research
activities. One such research effort is the ONR funded NOPP project in which improved
source terms are being developed for wind input, whitecapping dissipation, quadruplet

SWAN uncertainties for short fetches

39 van 54

1207807-001-HYE-0008, Version 2, 12 December 2013, final

interactions, triad interactions and depth-limited breaking. As waves generated in the Dutch
coastal and inland waters will ultimately break on shallow foreshores and water defences, the
effects of the new depth-limited wave breaking are also of interest to deriving hydraulic
boundary conditions along the water defences.
In this activity modifications to the SWAN code model will be made in a research version of
SWAN. Hereafter, sensitivity computations will be carried out to (hopefully better) reproduce
wave conditions in Lake IJssel. Note that up to now WTI requires stationary SWAN
computations. However, for this investigative study, it might be useful to characterize and
understand SWAN’s behaviour more generally, including nonstationarity of conditions. The
precise specification of wave model runs will be based on the outcome of previous activities.
The duration of these activities is expected to be 6 weeks in total.
3.4.6

Collection of additional metocean parameters
The purpose of this action is to collect additional parameters for which their expected added
value has already been established. The present measurement campaigns focus on
collecting data of the wind speed U10, atmosphere and water temperatures and time series of
surface elevation. Based on the insights so far, it is recommended to also measure friction
velocity (or equivalently surface drag Cd) and directional properties of the wave field, e.g.
by using a triple setup of step-gauges (see also next chapter).
The collection of these parameters should be followed by an in-depth analysis and relating
this information with the results of the literature survey, foreign field measurements and
results of the high resolution atmospheric models.
The collection of these additional parameters should start as soon as possible (see Chapter
4), followed by an analysis. This analysis can be done on the basis of data collected in the
2014/5 storm season, and can thus be executed in the Fall of 2015.

3.4.7

Improving the SWAN model
The purpose of this task to is include the formulations (source terms as introduced in task 5)
in the SWAN model relevant for wave growth at short fetches. These improvements will be
put in a WTI research code and extensively tested in available test banks (e.g. ONR test bed,
SWIVT or newly gathered data, see Section 3.4.2 and 3.4.3). In the end, the new features will
be incorporated in future releases of the SWAN model by TU Delft. These improvements will
likely deal with a more flexible wind input source term, accounting for e.g. gustiness, friction
velocity, atmospheric stability, and recommendations for numerical and physical settings (e.g.
a more accurate computation of the four-wave interaction source term, a modified triad
source term and an improved depth-limited break source term) and recommendations how to
drive the SWAN model (e.g. spatial varying winds, or spatially varying current fields).
The improved understanding of the physical processes of wave growth at short fetches will
also provide a more reliable basis to apply the wave model for extreme conditions. This
hypothesis should be tested against data collected in such circumstances. Foreign data sets
are the most likely candidates for such verification.
The ultimate results of all of these activities will be an improved wave model leading to a
reduced scatter of model results and more accurate HBC for the Dutch water defences.
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The expected time needed for the implementation and testing of new model features is 12
weeks.
Activity
1
2
3
4
5
6
7
Table 3.2

3.4.8

Description
Literature survey
Re-analysis Lake IJssel data
Collection and analysis of foreign
data
Numerical modelling of wind field
variation
Modifying SWAN model and initial
sensitivity runs
Measuring additional parameters
Improving and testing the SWAN
model

Duration (weeks)
2
8
6
4
6
4 (possibly 2015)
12 (possibly 2015)

Description of activities in the plan of action for 2014

Activities for 2015
In the workplan for 2014 a number of activities will be performed that can be used as input for
activities in 2015. An expected result of the 2014 activities is a dataset in Lake IJssel
including
(friction velocity) measurements. In addition, we expect more information on the
spatial structure of wind fields after land-sea transitions and first insight into the scaling
behavior of waves in short fetch conditions.
Based on these expectations we foresee the following tentative activities for 2015
•
Classification of wave data with wave age based on
estimates. The hypothesis is that
for deep water waves the data should show a dependence on this parameter (cf.
BM2008 Fig 9cd).
•
Further improvements to the source terms of the SWAN model relevant for wave growth
at short fetches
•
Execution of sensitivity computations to determine the importance of including spatially
varying wind fields in the SWAN model for the determination of wave conditions.

3.5

Conclusions and recommendations
A plan of action has been formulated to investigate the origin of the scatter in wave data as
collected in Lake IJssel. Knowing these causes will lead to a better understanding of the
relevant physical parameters involved in wave growth at short fetches and in extreme
conditions. This understanding can then be used to improve the SWAN model if required, and
for improved forcing to drive this model.
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4 Investigation into direct measurement of
4.1

Introduction
In Section 3.4.6 it was recommended to measure friction velocity
and wind drag. This, to
prevent shortcomings in the parametrized translation from wind velocity to shear stresses.
This chapter specifies Deltares’ information need regarding ultrasonic wind measurements,
as asked for by Rijkswaterstaat (see the quotation given below, taken from an e-mail by Deon
Slagter (RWS WVL) to Ivo Wenneker dd April 9th, 2013). This chapter contains an English
translation of Deltares (2013d). Some minor inconsistencies and unclear statements in the
original Dutch text are improved upon in this translation. Furthermore, the text is made
consistent with Chapters 2 and 3 of this report. It is included in the present report in order to
provide a consistent report with data analysis, modelling, a plan of approach for the further
analysis of short fetches and the measurements needed to perform the analysis.
“Perhaps you heard already, but within WTI HB short fetches we want to investigate
whether ultrasonic wind measurements are feasible in Lake IJssel to determine wind
drag/turbulent shear stresses. (…) First step is to determine the added value, then
feasibility and costs. If possible, we want to start these measurements on 2 or 3
measurement poles in Lake IJssel in October this year. “
Note that this chapter does not contain detailed statements on how these measurements
should be carried, because this is the primary task of RWS Centrale Informatievoorziening
(RWS CIV).

4.2

Problem description
High water levels and large waves attack the coast of seas and lakes. To determine whether
the flood defences (dikes, dunes) are strong enough, knowledge of hydrodynamics (water
levels and waves) is of utmost importance. Waves and wind-induced water level set-up are
strongly correlated with the prevailing wind. The transfer from the latter to the former depends
strongly on the ‘roughness’ of the water surface, i.e. the waves. In other words, the process of
momentum transfer from wind to hydrodynamics by means of the so-called turbulent shear
stresses plays an essential role in this. Correctly modelling of this momentum transfer is
relevant in several areas:
In atmospheric models themselves (e.g. HARMONIE), due to the influence of the airwater interface on the air layers above (i.e., the atmosphere itself).
In hydrodynamic models (WAQUA and SWAN), whose input driving forces come from
wind fields computed by atmospheric models.
In the transformation of measured wind speeds to turbulent shear stresses directly
affecting the hydrodynamics as computed in WAQUA and SWAN. This is also
relevant in hindcast studies for water level, currents and waves. See the discussion
mentioned above on the systematic wave height underestimation by SWAN.
It is possible to measure the turbulent shear stress
directly. This can be done by means of
ultrasonic wind sensors. For example, Babanin en Makin (2008) measured turbulent shear
stresses using Gill Instruments Ultrasonic Anemometers. This was realized by high-frequency
(21 Hz) point measurements of the 3D wind velocity. The turbulent shear stress is then
directly determined by time averaging of turbulent fluctuations in the wind speed:
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air

Here,

u 'w'.

(4.1)

refers to the density of air, while u’ and w ' stand for the turbulent fluctuations of
the horizontal and vertical wind speed respectively.
air

is not measured directly. In these

In many situations, however, the turbulent shear stress

situations,
is determined indirectly based on the measured wind speed U( z ) at some
vertical distance z above the water surface. Crucial in this procedure is the assumption of a
logarithmic velocity profile given by

U( z )

u*

ln

z
,
z0

2
ch *

u
.
g

z0

In this expression, u* is the friction velocity,

(4.2)

0.4 is the Von Karman constant, z0 is the

characteristic length of the surface roughness, and

ch

is the Charnock constant (Charnock,

1955). After having determined u* , the turbulent shear stress follows straightforwardly from
air

u*2 . For completeness, we remark that it is customary to use the above procedure to

transform the wind speed measured at some vertical level
the water surface: U 10 U 10 m .

z

to a wind speed at 10 m above

Again for reasons of completeness, we note the existence of the so-called wind drag
coefficient C d . This quantity is defined according to (3.1) and (3.2). .
Unfortunately, it turns out that this indirect procedure to transform wind speeds to turbulent
shear stresses is not always accurate; see for example Komen et al. (1994). This is reflected
by the fact that the recommended values for the Charnock constant ch deviate largely for
different models, see Table 1. These large deviations are a consequence of the fact that the
Charnock ‘constants’ are determined from different data sets, taking from different areas with
different physical characteristics.
Model

Area

WAQUA (default)
SWAN (Wu, 1982)
WTI wind modelling (Caires et al., 2010)
WTI wind modelling (Caires et al., 2010)
HIRLAM (default)
HARMONIE (Van den Brink et al., 2013)
HARMONIE (Van den Brink et al., 2013)

Lake and sea
Lake and sea
Lake
Sea
Lake and sea
Sea
Lake

Table 4.1

Recommended values for Charnock constant

ch

ch

[-]

0.032
0.0185
0.0185
0.032
0.025
0.020 (ECUME)
0.015

in different models

During the last years, a lot of research is devoted to improve the transformation of measured
wind speeds to turbulent shear stresses. This research is still underway, and has not led to
final conclusions yet. Abandoned in this research is the idea that the Charnock constant is a
‘universal constant’ with a fixed value that accurately describes all situations. This also
implies that the wind drag coefficient is not only depending on the wind speed, but also on
other factors (see Chapter 3).
Apart from this, but something to keep in mind, is that it is far from trivial to maintain
consistency in the applied drag formulations in atmospheric, wave and water level models
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(see Zweers et al. 2011 and Vatvani et al. 2012). For example, is it optimal to use in one
hindcast of wind (HARMONIE), water level (WAQUA) and waves (SWAN) three different
Charnock values (recommended to be respectively 0.015, 0.032 and 0.0185)? Or should one
pick one optimal value (and how to determine this optimal value)? To this, more knowledge
on the relation between drag and other variables is needed.
4.3

WTI2017 information need
As can be concluded, within WTI2017 it is necessary to get better insight in the relation
between wind speed and turbulent shear stress. This was also recently recognized by
Rijkswaterstaat, KNMI and Deltares (see for example Rijkswaterstaat, 2013). To fulfil this aim,
additional measurement data is required to validate HARMONIE (atmospheric), WAQUA
(water level and current) and SWAN (waves) models under storm conditions (say, wind
speeds above Beaufort 7). Note that literature contains few references describing direct
measurement of turbulent shear stresses under storm conditions. It is therefore likely to
conclude that so far only few of such measurements have actually been carried out.
Measurement of the turbulent shear stress2, which implies point measurements of the 3D
wind vector at a sufficiently high frequency, needs to be accompanied by measurements of
other quantities at the same location. The reason, as mentioned above, is that the turbulent
shear stress not only depends on the (mean) wind speed, but also on other quantities:
Wave parameters. Preferably including wave direction, so that the 2D wave spectrum
can be reconstructed.
Air temperature near the water surface.
Water temperature near the water surface.
Water level.
These quantities should therefore also be measured at the same location. Next to this,
bathymetric data needs to be available.
It is from a practical viewpoint probably easiest to install an ultrasonic wind sensor on an
already existing pole. Apart from this, it is desirable (though not necessary) to install such a
device at locations with a long measurement history, so that available statistics of wind, water
level and waves could provide additional information.

4.4

Preferred measurement locations at Lake IJssel
At Lake IJssel the following WTI measurement poles are present (see Figure 4.1): FL02,
FL09, FL47 (budget-wise still part of the ANT project, but from end 2013 transferred to
WTI2017), FL48, FL49. Poles FL02 en FL09 are in use already since 1997 (Bottema, 2007).
The other poles are installed at their present location at more recent dates. Most recently
installed (in 2011) are the poles FL47, FL48 and FL49. This triad is aligned such that (given a
south-western wind) the waves in FL49 and FL48 are short-fetched, while being near the
growth limit in FL47.
The quantities presently measured at these poles are indicated in Table 4.2. We note that the
presently employed wind measurement devices are not suited for direct measurement of the
turbulent shear stress: they measure only the horizontal components and at a too small
frequency (1 Hz). All wave measurements are carried out by step gauges; no wave directions
can be discerned with these instruments.

2

Sometimes referred to as measuring the friction velocity or wind drag coefficient
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Figure 4.1: Measurement poles at Lake IJssel

In defining the optimal locations, we need to consider the fact that there are plans to construct
a wind park in Lake IJssel near the Noordoostpolder. Its influence will likely be present in the
wind measurements in the nearby-located FL02. That makes FL02 a less suitable candidate.
The wave regimes in terms of wave age and wave steepness are, given the prevailing strong
south-western wind directions, in FL02, FL09 and FL47 different than in FL48 and FL49. This
is a consequence of the difference in fetch length, being ‘large’ for the first three and ‘short’
for the latter two.
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Location

Wind speed

Wind direction

FL02
FL09
FL47
FL48
FL49

X
X
X
X
X

X
X
X
X
X

Table 4.2

4.5

Water
temp.
X
X
X
X

Air temp.

Waves

X
X
X
X

X
X
X
X
X

Overview of measurement poles and measured quantities

Recommendation
Taking all the above into account, FL47 and FL48 seem to be the most appropriate locations
for the measurement of turbulent shear stresses using ultrasonic wind sensors that carry out
high-frequency 3D wind measurements. Due to their difference in fetch length under
prevailing strong wind conditions, these locations experience clearly different wave regimes.
At present, in both locations water temperature, air temperature, water level and waves are
already measured. This implies that both ‘only’ need to be extended with an ultrasonic wind
sensor. Another advantage of these two poles is that they are relatively close to each other
and that they are aligned with a third pole (FL49). This may facilitate model (HARMONIE,
WAQUA and SWAN) validation. The fact that, due to their rather recent installation (2011),
less statistics is available is not considered as a serious issue.
As deduced from Table 4.1, there exists a significant difference between the values for the
Charnock ‘constant’ for atmospheric models above lakes (e.g. Lake IJssel) and seas. This
difference is, as mentioned, most likely due to a difference in prevailing wave regimes.
Therefore it is worthwhile to also install an ultrasonic wind sensor at the North Sea. The
argument that installation of such a sensor on an existing pole, preferrably with a long
measurement history, is also valid here. We propose to consider Europlatform, also because
in the past ‘strange’ effects have been observed which may be related to thermal
(in)stabilities (private communication with Martin Verlaan (Deltares)).
In case it is not possible to extend existing measurement poles such as Europlatform, then
installation of an ultrasonic wind sensor on the soon to be installed pole near Eemshaven
seems a good option, see Wenneker (2013).
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5 Conclusions and recommendations
5.1

Introduction
For short-fetch areas such as the Dutch lakes and parts of the tidal rivers the quality of the
SWAN model results in terms of bias and uncertainty is still unknown. There is a need to
assess the model performance in short-fetch situations, and derive the bias and uncertainty
from model-data comparisons. That is one of the purposes of the present study. Apart from
assessing the bias and uncertainty of SWAN, there is also uncertainty with respect to the
scaling issues in short-fetch conditions. The observations in Lake IJssel and other (foreign)
locations such as Lake George in Australia, show a great “natural” variability in wave spectra
and parameter observations for similar wind conditions. Apparently, we are missing some
controlling parameters beyond U10. Also for upscaling to more extreme events, it is very
important to catch all relevant parameters.
The following sections give the main conclusions concerning the SWAN model uncertainties
in terms of bias and scatter index (Section 5.2), scaling issues (5.3) and direct measurements
of
(5.4).

5.2
5.2.1

Conclusions
Uncertainty SWAN predictions in short fetches
An analysis of illustration points on the Dutch tidal rivers shows that typical dimensional
fetches are between 500 m and 1000 m, and the maximum is just above 5 km. Considering
the dimensionless fetch Fdls (Fg/ 2), typical values are about 0.5*104, with maxima of almost
4*104. So, short fetch conditions are relevant for the hydraulic boundary conditions on Dutch
rivers and estuaries.
When plotting the Lake IJssel observations as dimensionless wave height against
dimensionless fetch (Figure A.2.3), the observations at the shortest fetch locations FL48 and
FL49 are all above the standard growth curves, whereas the observations at the other
locations are on top or below those curves, with considerable scatter. Concerning the
observations, inclusion of wave age is unlikely to reduce the scatter. However, there seems to
be some effect of air-water stratification on the wave growth at location FL48. In stable
atmosphere, the observed wave heights are higher and further off the curve by Kahma and
Calkoen than in unstable conditions, which is contrary to expectations.
Based on a benchmark suite consisting of 20 cases at Lake IJssel, the relative bias of SWAN
with WTI settings is -15% for Hm0 and -11% for Tm-1,0. The scatter index is 18% for the wave
height, and 5.5% for wave period. Note that the model performance has been assessed using
a short-fetch data set that has a strong representation of data from FL48 and FL49, which fall
outside the expected range, see the previous conclusion. These uncertainties are specifically
for short fetch conditions. They are not valid for conditions with larger fetches (5-10 km) nor
for depth limited conditions. For these situations other values have been derived (Deltares,
2013b).
Since higher geographical resolution does not improve the results, the resolution of 20 m x 20
m as applied in this study is sufficiently high for Lake IJssel. The sensitivity run with the so
called Rogers settings for whitecapping gives better results for Tm-1,0, but worse results for
Hm0 and Tp. The scatter increases compared to the reference run with whitecapping according
to Van der Westhuysen.
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Based on the 20 SWAN cases, the dependency of bias on effective fetch is rather weak. Still,
both linear and quadratic fits are given for Hm0 and Tm-1,0 , for both the relative error and the
absolute error.
5.2.2

Wave scaling issues
A plan of approach has been formulated to investigate the origin of the scatter in wave data
as collected in Lake IJssel. Knowing these causes will lead to a better understanding of the
relevant physical parameters involved in wave growth at short fetches and in extreme
conditions. The ultimate results of all of these activities will be an improved wave model
leading to a reduced scatter of model results and more accurate hydraulic boundary
conditions for the Dutch water defences. The six main issues of the plan of approach are:
Literature survey
Analysis of wave data sets, including collection and analysis of foreign datasets
Numerical modelling of wind field variability
Sensitivity analysis using the wave model SWAN
Collection of additional hydro-dynamics parameters.
Improving the SWAN wave model.

5.2.3

Direct measurements
Possible shortcomings in the transfer of wind momentum to the waves can be studied by
taking a closer look at the wind drag. To do this, measured field data of the turbulent shear
stresses is required.
FL47 and FL48 seem to be the most appropriate locations for the measurement of turbulent
shear stresses using ultrasonic wind sensors that carry out high-frequency 3D wind
measurements. Due to their difference in fetch length under prevailing strong wind conditions,
these locations experience clearly different wave regimes. At present, in both locations water
temperature, air temperature, water level and waves are already measured.

5.3

Recommendations
Since the SWAN sensitivity runs for Lake IJssel do not give unambiguously better results than
the reference run, the reference runs with whitecapping according to Van der Westhuysen
(2007) are considered appropriate here.
When applying SWAN model uncertainties for Hm0 and Tm-1,0 in Hydra Ring, it is
recommended to use the fetch dependent relative bias, based on a linear fit (see Section
2.10).
In order to reduce the scatter in SWAN results and to narrow the band of uncertainty in the
derived HBC, we recommend to execute the plan of action as proposed in Chapter 3, aiming
for an improved SWAN model.
It is recommended to measure turbulent shear stresses using ultrasonic wind sensors at
locations FL47 and FL48. We also recommend to measure the surface current at the
measurement stations, as wind-driven currents may be important in the propagation of young
seas. Furthermore, directional wave measurements are needed to obtain further insights in
the process of ‘wave steering’ by the coastline.
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B Tables
Table 2.1 Results SWAN reference run and observations
Hm0 [m]
obs
SWAN

Tmm10 [s]
obs SWAN

Hmax/d [-]
obs
SWAN

-0.57

0.50

0.53

2.5

2.2

0.29

0.31

6
12

-0.18
-0.18

0.74
0.46

0.66
0.58

2.9
2.4

2.4
2.3

0.37
0.23

0.33
0.29

17.2
17.8

245
287

-0.45
-0.38

0.32
0.44

0.36
0.46

1.8
2.3

1.6
1.9

0.26
0.35

0.29
0.36

37

22.4

230

-0.24

0.75

0.69

2.3

2.2

0.51

0.46

47
47

8.6
14.0

276
239

-0.29
-0.21

0.43
1.00

0.47
0.87

2.4
3.2

2.4
3.1

0.33
0.74

0.36
0.65

48
48
48
48
48
48

7.1
18.1
16.3
17.2
14.4
15.7

273
223
222
235
245
232

-0.32
-0.50
-0.01
-0.37
-0.30
-0.29

0.22
0.82
0.71
0.82
0.58
0.65

0.22
0.60
0.54
0.54
0.42
0.49

1.8
2.6
2.4
2.6
2.2
2.3

1.6
2.2
2.1
2.1
1.9
2.0

0.16
0.63
0.46
0.60
0.42
0.46

0.16
0.46
0.35
0.40
0.30
0.35

49
49
49
49
49
49

6.8
18.0
15.0
16.7
13.2
14.9

276
225
223
233
243
231

-0.32
-0.52
-0.02
-0.38
-0.29
-0.29

0.17
0.66
0.52
0.62
0.40
0.49

0.18
0.49
0.41
0.43
0.30
0.37

1.8
2.2
2.1
2.2
1.8
2.0

1.5
1.9
1.8
1.8
1.6
1.7

0.13
0.57
0.37
0.50
0.31
0.38

0.14
0.42
0.29
0.35
0.23
0.29

FL

U10

Dir

wl

02

15.0

91

09
09

15.5
14.2

25
25
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C Effective fetch
The principle of effective fetch is taken from Appendix 9 of TAW, 1985 (Leidraad voor het
ontwerpen van rivierdijken, deel 1- bovenrivierengebied), see below. TAW, 1985 advises to
consider the directions within 45° from each side of the wind direction.
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D Growth curves and u*
n=[0:0.01:7];
FT=10.^n;
%Bretschneider
a1=0.283; b1=0.0125; m1=0.42;
a2=1.2;
b2=0.077;
m2=0.25;
HTBret=a1*tanh(b1*FT.^m1);
TTBret=2*pi*a2*tanh(b2*FT.^m2);
plot(FT,HTBret,'r');hold on;grid on;
%Breugem & Holthuijsen
H8=0.24; k1=4.14e-4; m1=0.79;
T8=7.69; k2=2.77e-7; m2=1.45;
HTHolth=H8*tanh(k1*FT.^m1).^p;
TTHolth=T8*tanh(k2*FT.^m2).^q;
plot(FT,HTHolth,'b');

p=0.572;
q=0.187;

%Kahma & Calkoen
a1=2.884e-3; b1=0.45;
a2=0.459;
b2=0.27;
HTKahCalk=a1*FT.^b1;
TTKahCalk=a2*FT.^b2;
plot(FT,HTKahCalk,'k');

To compute the friction velocity from the wind velocity, SWAN makes use of Wu (1982):

C10

0.8

C10

u*
U10

0.065 U 10 10

3

2

and thus

u*

U 10

0.8

0.065 U 10 10
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E

Depth limitations FL47

At location FL47, the water depth is limited (circa NAP-2.9 m) whereas the fetch is so long
that the waves can be influenced by depth limitations. Since this study focusses on short
fetch wave growth, processes that are influenced by depth limitations must be excluded.
Hereto we use the criterion that Hmax/waterdepth should not exceed 0.73. Hmax is defined here
as 2 * Hm0. At FL47, four of the six cases that were originally selected for locations FL47,
FL48, FL49 are influenced by depth limitations, see Table E.1 below. Only cases A and F will
be considered for FL47.

A
B
D
E
F
G

U10
[m/s]
8.6
19.8
15.8
17.3
14.0
16.3

Wind dir
[ºN]
276
223
223
232
239
228

Hm0 obs
[m]
0.43
1.38
1.20
1.27
1.00
1.08

Hm0 SWAN
[m]
0.47
1.15
1.06
1.07
0.87
1.04

Hmax obs/Depth
[-]
0.33
1.09
0.81
0.95
0.74
0.80

Hmax SWAN/Depth
[-]
0.36
0.91
0.72
0.80
0.65
0.76

Table E.1: Values Hmax/waterdepth for FL47

The plots on the next page show the values of Hmax/waterdepth on the computational domain
of the FL47 grids. The final panel gives the bed levels below NAP. FL47 is located in a
relative shallow area. This makes that on that very location, the value of Hmax/waterdepth
often exceeds the threshold of 0.73.
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F Influence larger computational domains FL48 ,49

In order to check the influence of the computational domain, additional runs have been
carried out for the FL48 and FL49 cases on a larger grid, see the figure of Appendix F.1.
The spectral results can be found in Appendix F.2 and F.3. They show that the simulations on
the larger grids, give extra wave energy at the lower frequencies, and that the average
direction of the lower frequencies is quite different from the wind direction. It seems that the
waves are steered by the coastline. The spectra show not only local wave growth, but also
wave propagation from elsewhere. Since this study focusses on short fetch wave growth, we
exclude this phenomenon. Note that the additional low frequency wave energy is
considerably overestimated by SWAN, see the spectra of FL49 in cases B, D, E and G. Only
for case F, it seems right. This low frequency overestimation seems to improve the results in
terms of total significant wave height, but not in terms of spectral shape.

Figure F.4:

Significant wave height and mean wave direction on larger domain, Left Panel: Case A (winddir=273º);
Right panel: Case B (winddir=223º). Large arrow represents wind direction. Black dots indicate
locations FL48 and FL49.
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G Definition of statistical parameters

x
y
bias

xi
i 1

Mean of simulated values

N

yi
i 1

1
N

relbias
std

Mean of measured values

N

1
N
1
N

The bias is positive if the mean of the
modeled results exceeds the mean of
the observations
Relative bias

N

yi xi

y x

i 1

bias
x
1
N 1

N

yi

xi

BIAS

2

Standard deviation

i 1

Scatter Index (source:Orca Guidelines)
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