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Abstract For the design, assessment and flood control of
water defences, hydraulic loads in terms of water levels and
wave conditions are required and often obtained from numer-
ical models. For these hydraulic loads to be reliable, accurate
atmospheric forcing is required. Waves and surges are typical-
ly forced by surface stress. However, in most cases, the input
for these models consists of 10-m wind velocities that are
internally converted to surface stress by applying a particular
drag relation. This procedure generally leads to inconsis-
tencies, since the hydrodynamic, wave and atmospheric
models often apply different drag relations. By means of a
case study, we explored the consequences of this inconsisten-
cy in the drag formulation for a North Sea storm wave and
surge hindcast. This was done by forcing the hydrodynamic
and wave models using both the 10-m wind velocity and the
surface stress fields computed by the atmospheric model. Our
study results show significant differences between the wave
parameter values and water levels computed with surface
stress input and 10-m wind velocity input. Our goal is not to
assess different drag parameterizations but to raise awareness
for this issue and to plea for the use of a consistent drag
relation in meteorological and hydrodynamic/wave models.
The consistent use of one drag formulation facilitates the
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identification of problems and the eventual improvement of
the drag formulation. Furthermore, we suggest using the so-
called pseudo-wind, which is a translation of the surface stress
to the 10-m wind speed using a reference drag relation.

Keywords Wind drag - Hindcast - HARMONIE - SWAN -
WAQUA

1 Introduction

A significant part of The Netherlands lies below sea level.
Therefore, the Dutch flood protection system needs to be well
designed and reliable to maintain safety and sustain economic
development. To support these objectives, the quality of the
Dutch flood defence system is assessed periodically. In the
assessment, the strength of the flood defences is compared
with the hydraulic load on the flood defences under normative
conditions. The latter are called hydraulic boundary condi-
tions and consist of a combination of water level and wave
conditions.

In addition, waves and storm surges are operationally fore-
casted by the Dutch storm surge warning service (SVSD) to be
prepared against floods during extreme events. During an ex-
treme event, dikes will be monitored in the field to prevent
them from breaching and measures can be taken for evacua-
tion. Accurate forecasts at least 6 h ahead are also needed for
proper closure of the movable storm surge barriers in the
Eastern Scheldt and the New Waterway in The Netherlands.

To obtain reliable computed waves and surges, accurate
atmospheric forcing is required to drive the hydrodynamic
and wave models. One point of attention is the consistency
of the wind drag between the atmospheric, the hydrodynamic
and the wave models. Normally, the input for the numerical
models consists of 10-m wind velocities that are internally
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converted to surface stress by applying a particular drag rela-
tion. However, the atmospheric model also uses a particular
drag relation to determine the surface stress from the wind
velocity at the lowest atmospheric level. This procedure gen-
erally leads to inconsistencies and errors, since the hydrody-
namic, wave and atmospheric models often apply different
drag relations. All the more as in storm surge models, the drag
coefficient is often used as a tuning parameter.

Moreover, a large uncertainty exists in the magnitude of'the
drag coefficient. Often, a wind drag relation is assumed that
depends only on the wind speed and increases with increasing
wind speeds. This is the case for the often used Charnock
relation (Charnock 1955). However, Babanin and Makin
(2008) conclude that the drag coefficient is depending on
many more factors, like sea state, effects of wind trends and
gustiness. This means that a more accurate drag can only be
determined if the atmospheric model is coupled with a wave
model to enable a two-way interaction between surface winds
and waves. This step has already been taken at the European
Centre for Medium-Range Weather Forecasts (ECMWF),
where this two-way coupling is achieved through the ex-
change of the Charnock parameter between the atmospheric
model and the wave model WAM. Janssen et al. (2002) show
that coupling the wind and waves improves the prediction of
both wind velocities in the atmospheric boundary layer and
wave parameter values. Muller et al. (2014) show that also the
prediction of surges improves when a variable Charnock co-
efficient, depending on a statistical description of the sea state,
is taken into account.

Another point of attention is that the drag coefficient de-
creases in measured wind profiles during extreme wind veloc-
ities (wind speeds larger than about 33 m/s), as was observed
by Powell et al. (2003). By describing the impact of spray
droplets on the atmospheric flow in the boundary layer,
Makin (2004) was able to explain the observed reduction
and to describe the drag coefficient during extreme wind
speeds based on a resistance law of the sea surface. Makin’s
wind drag parameterization was tested by Vatvani et al. (2012)
for the storm surge of two hurricane events, modelled in
Delft3D. It was concluded that Makin’s new drag parameteri-
zation is favourable above the traditional Charnock relation.
Also, Zijlema et al. (2012) came up with a new wind drag
parameterization with lower drag values than those of the
Charnock relation for extreme wind speeds, which was imple-
mented into the spectral wave model SWAN (Booij et al. 1999).

Zweers et al. (2011) studied how uncertainties in the mag-
nitude of the drag coefficient translate into uncertainties in
storm surges. They forced the hydrodynamic model
WAQUA/DCSM (Gerritsen et al. 1995) directly with surface
stresses, computed using the atmospheric model HIRLAM
(http://hirlam.org/), applying the Charnock relation with
different values of the Charnock parameter. They found that
when the Charnock parameter in HIRLAM is changed, the
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relative increase in the stress is approximately 50 % of the
relative increase in the drag coefficient during storm
conditions. This is because for an increase in the drag
coefficient, the weakening of the 10-m wind field reduces
the increase in the stress considerably. This is advantageous,
since possible errors in the surface drag are suppressed in the
stress response. Subsequently, the relative change in storm
surge at stations along the Dutch coast is approximately
36 % of the relative change in drag coefficient.

In this study, we go a bit further than Zweers et al.
(2011) by studying also how the use of different drag
relations affect the waves. More precisely, this study ex-
plores the consequences for waves and surges when the
drag formulation is used inconsistently between models.
This is done with a case study of the All Saints storm
(30 October 2006 to 3 November 2006) over the North
Sea, with special attention to the hydraulic conditions at
the Dutch coast. This particular storm has been chosen
because its hydraulic loads were very high, in particular
for the northern parts of The Netherlands. According to
the statistics of the Dutch meteorological institute KNMI,
a storm of this magnitude occurs circa 14 times in
1000 years. One set of computations is done with the
10-m wind velocities from the atmospheric model and
the default drag relations of the wave and surge models.
A second set of computations is done with the surface
stress from the atmospheric model directly forcing the
wave and surge models. That way, no extra (or inconsis-
tent with the atmospheric model) drag relation is applied
in the wave and surge models. Subsequently, the wave
and surge results of the two types of computations are
compared. In addition, we discuss different ways in
which the atmospheric forcing can be applied.

The outline of this paper is as follows: we start with
discussing some basic concepts and formulas regarding to
the air-sea interface in Section 2. Subsequently, in Section 3,
a description is given of the atmospheric model, the hydrody-
namic model and the wave model that were used in the storm
hindcast. Special attention is paid to the drag formulations of
each model. Section 4 presents a comparison of the wind input
and also shows the results of the different wave and hydrody-
namic model runs. Finally, in Section 5, the problem of an
inconsistent drag relation is discussed and possible solutions
for this problem are evaluated.

2 Basic concepts

In most cases, the hydrodynamic or wave models are driv-
en by wind velocities, referenced at a 10-m height (Uj).
The 10-m velocities are internally converted to surface
stress by applying a particular drag relation to force the
waves and surges. The surface stress (7) is the momentum
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flux through the air-sea interface and is formulated as
follows:

T = paCdU%O (1)

Here, p, is the air density and Cjy is the drag coefficient.

As mentioned in Section 1, whereas the drag coefficient
depends on both wind speed and wave state, it is usually
computed solely as a function of the 10-m wind speed using
the Charnock relation. Furthermore, there exists a large uncer-
tainty associated with its determination for higher wind veloc-
ities, as measurements are sparse.

The use of the Charmock relation to compute Cy4 involves
first the calculation of the aerodynamic roughness length (z):

u?

zo = ozg (2)

which can be complemented with viscous effects 0.11v/u, for
low wind speeds. Here, « is the Charnock parameter, u, the
friction velocity (1, =V (7/p, )), g the gravitational acceleration
and v the kinematic viscosity of air. Subsequently, the rough-
ness length, zy, is used to calculate the drag coefficient, assum-
ing a logarithmic wind profile:

) 2
Co= (U—) - m ()

with a Von Karman constant x of 0.4.

3 Models
3.1 Introduction

A case study was set up with the atmospheric model
HARMONIE, the hydrodynamic model WAQUA and the
wave model SWAN to study the effects of the inconsistent
use of drag. In this section, the different models are described
and special attention is given to the drag formulations of each
of the models. In our case study that is described in Section 4,
the HARMONIE model was run to compute the 10-m wind
velocities and the surface stress. The HARMONIE wind veloc-
ities or stresses were used to force the WAQUA model. The
main output variable of this model is the still water level
(SWL), the level that the sea surface (at a given point and time)
would assume in the absence of wind waves. SWLs are influ-
enced by astronomical and meteorological effects. The
WAQUA model was run with and without atmospheric forcing
and two variables have been computed from the results:

—  The surge, S, defined as the synchronous difference be-
tween the still water level computed in the run with

atmospheric forcing and the tide computed in the run with
no atmospheric forcing; and

—  The skew surge, A, defined in a tidal cycle as the differ-
ence between the highest (lowest) SWL from the run with
atmospheric forcing and highest (lowest) level due to as-
tronomical tide in the run with no atmospheric forcing.

The SWAN model was forced with HARMONIE wind
speeds or stresses. The computed significant wave height,
H. 0, was considered for further analyses.

3.2 HARMONIE

HARMONIE (HIRLAM ALADIN Research on Mesoscale
Operational NWP in Furomed) is the operational numerical
weather prediction model of the Dutch meteorological insti-
tute KNML. It is a limited-area model that has been developed
in a consortium involving many European countries.
HARMONIE is the successor of the hydrostatic HIRLAM
and the ALADIN models. Major differences with relation to
these models are that HARMONIE is intended to run on a
very high resolution and that it is a so-called non-hydrostatic
model. The latter means that instead of employing the hydro-
static approximation, which often breaks down in severe
weather events, the vertical momentum equation is solved
explicitly. More details on HARMONIE (also referred to as
AROME) are given by Seity et al. (2011) (see also the docu-
mentation on www.hirlam.org). Here, we used HARMONIE
CY37hl1.1 that was released on 13 June 2012.

HARMONIE runs on a regular grid with a grid spacing of
2.5 km. HARMONIE is a limited-area model, meaning that it
covers only a part of the globe. A domain size of 500x500
grid point (1250x 1250 km), centred at 54° N 2° E, was used
(see Fig. 1). Because HARMONIE is run in a limited area,
information on the state of the atmosphere on the lateral
boundary conditions is required. For this, we use data from
the ERA-Interim reanalysis dataset from the ECMWF (see
http://www.ecmwf.int/en/research/climate-reanalysis/era-
interim, Dee et al. 2011). More details on the model settings
and validation of its results can be found in Baas et al. (2015).

HARMONIE makes a distinction between ‘sea’ and ‘in-
land water bodies’ for the surface drag over water. The inter-
action between the sea surface and the atmosphere is calculat-
ed by the Exchange Coefficients from Unified Multi-
campaigns Estimates (ECUME) module. ECUME is a bulk
iterative parameterization developed in order to obtain optimal
exchange coefficients for a wide range of atmospheric and
oceanic conditions. In ECUME, the neutral drag coefficients
are directly estimated from the 10-m wind velocity by empir-
ical formulae. These are based on the ALBATROS database
that consists of data from five flux measurement campaigns
(Wetill et al. 2003). It should be noted that the influence of the
waves on the wind drag was not taken into account in the
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Fig. 1 HARMONIE domain, WAQUA DCSMv6 domain and SWAN
DCSMv6 domain

parameterization of ECUME. For high wind speeds, the
ECUME formulation is roughly equivalent to a Charnock for-
mulation with a=0.020 (see Fig. 2), but values occur that are
closer to @=0.032. Contrasting to the Charnock relation, the
ECUME relation predicts a decrease in wind drag for wind
speeds larger than ca. 30 m/s. Over lakes and rivers, a
Charnock formulation with a parameter of a=0.015 is used
in HARMONIE. The air density in HARMONIE is variable
and is computed in HARMONIE using the gas law and de-
pends, thus, on the temperature.

3.3 Simulation system for water movement and quality

(WAQUA)

WAQUA is a hydrodynamic and water quality simulation sys-
tem, used for modelling 2D (horizontal) schematizations of water

C,HARMONIE

0 5 10 15 20 25 30 35 40
U,, HARMONIE [m/s]

Fig.2 ECUME relation used by HARMONIE over sea. The dots present

the wind drag Cy calculated with ECUME against the wind velocity U

for a hindcast period of 35 years at locations in the North Sea. The solid

lines indicate a Charnock relation with parameters o 0of 0.015, 0.020 and

0.032

@ Springer

systems. WAQUA is a module of SImulatie MOdellen NAtte
(SIMONA), a framework for hydrodynamic modelling of free-
surface water systems, based on the finite difference method. It is
used by the Dutch public works authority (Rijkswaterstaat) in
and around The Netherlands. WAQUA is able to compute water
levels, currents and particle transport in open water.

A schematization of WAQUA is the Dutch Continental
Shelf Model (DCSM), which is used by the Dutch Storm
Surge Warning Service to provide forecasts of the Dutch wa-
ters. In this study, version 6 of the DCSM model (DCSMv6,
Zijl et al. 2013) has been used. An overview of the DCSMv6
hydrodynamic model domain is shown in Fig. 1. The model’s
spherical grid has a uniform cell size of 1.5" (1°/40°) in the
east-west direction and 1.0" (1°/60°) in the north-south direc-
tion. This corresponds to a grid cell size of about 2 by 2 km.

At the open northern, western and southern sides of the
model’s domain, water level boundaries are defined. The wa-
ter levels imposed at the open boundaries can be split into a
tidal and non-tidal part. To account for the effect of bottom
friction, a spatially varying roughness field determined in the
model calibration is applied. The minimum bottom roughness
applied is 0.012 s/m'”.

In WAQUA, three possibilities exist to describe the drag
coefficient. The most simple way is to use a constant drag
coefficient. The second way is to formulate the drag by means
of two drag coefficients: Cys and Cyg in combination with
two wind speed values U, and Ug. Below Uy, the drag is
Cqya; between U, and Up, the drag is linearly interpolated
between Cyp and Cyp; and above Up, the drag is Cyg. The
last option is to use the Charnock relation to describe the drag.
WAQUA’s default Charnock parameter is 0.032. This is the
value which the Dutch meteorological institute advised the
Dutch operational flood forecast service to use in shallow
waters in general and above the North Sea in particular.
However, the DCSMv6 model uses a Charnock parameter of
0.025, which is consistent with the value used in the atmo-
spheric model HIRLAM. By default, an air density p, of
1.205 kg/m’ is used. In most cases, this air density will not
be identical with the air density used in HARMONIE.

In the more recent versions of WAQUA, it is possible to force
WAQUA directly with the surface stress. In that way, no drag
relation needs to be specified in the WAQUA model. Zweers
et al. (2011) used surface stress input in WAQUA to study the
influence of inaccuracies in the wind drag on the skewed surge.

3.4 SWAN

The spectral wave model SWAN (Simulating WAves
Nearshore) is a third-generation wave action model. SWAN
accounts for wave propagation, depth and current-induced
refraction and represents processes that generate, dissipate or
redistribute wave energy. These include the deep water pro-
cesses of wind input, whitecapping dissipation and quadruplet
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non-linear interaction and the shallow water processes of bot-
tom friction dissipation, depth-induced breaking and triad
wave-wave interactions.

A schematization of the DCSM also exists for SWAN to
provide wave forecasts for the Dutch waters. The DCSM-
SWAN grid is regular and its domain is slightly smaller than
the DCSMv6 WAQUA domain (see Fig. 1). It has a grid
resolution of approximately 3.6 kmx3.6 km. The wave
boundary conditions are obtained from the operational
ECMWF wave model. Here, the wave model WAM is
coupled with the ECMWF atmospheric model (Janssen
2004). SWAN is run in non-stationary mode.

By default, the wind drag coefficient is computed in
SWAN according to the Wu (1982) formulation, supplement-
ed with an imposed lower limit (Zijlema et al. 2012):

Co— 1.2875 x 107 for Ujg < 7.5m/s, @)
70 (0.8 4 0.065U10) x 107 for Ujp>7.5 m/s.

Version 40.91 now also includes an additional drag formu-
lation (see Zijlema et al. 2012), as mentioned in Section 1. Itis
a second-order polynomial fit through different datasets of
drag measurements (up to 60 m/s):

U Ui\ _
Cy= <0.55+2.97U‘°—1.49<U1°) ) x 107 (5)

ref ref

where U, is a reference wind of 31.5 m/s. This drag formu-
lation provides a more realistic relation for extreme winds than
when using the Wu relation. However, when using this for-
mulation in combination with wind from an atmospheric mod-
el, still inconsistencies occur, as the drag formulations used by
SWAN and the atmospheric model differ. The default setting
for air density in SWAN is 1.28 kg/m?, which also differs from
the air density used in HARMONIE and WAQUA. This is
another inconsistency.

Until this study, there was no option to input surface stress
directly into SWAN. For this study, we have implemented this
option in SWAN version 40.91.

4 Case study
4.1 Introduction

The All Saints storm was chosen as a case study. On 31
October 2006, a storm depression moved eastward over the
northern North Sea. At the west side of the depression, a
strong northwesterly flow developed over the entire North
Sea. In the north of The Netherlands, the peak of the storm,
associated with the passage of a sharp trough, occurred at 6
UTC in 1 November with hourly averaged wind speeds of
more than 20 m/s (Fig. 3). The prolonged northwesterly wind

field and the long fetch over the North Sea led to record-
breaking surge and SWL levels in Delfzijl. The All Saints
storm is also referred to as the ‘Horses storm’, because 227
horses were isolated due to flood in Marrum, 25 horses
drowned and the rest were saved in a spectacular rescue
operation.

This particular storm has been chosen because its
hydraulic loads were very high, in particular for the
northern parts of The Netherlands. According to the
statistics of the Dutch meteorological institute KNMI,
a storm of this magnitude occurs circa 14 times in
1000 years. Furthermore, the storm is very representa-
tive for The Netherlands, because of its northwesterly
wind direction, which affects the whole Dutch coast.

The HARMONIE model was used to hindcast the period
from 28 October to 3 November. The wind velocities and
stresses computed by HARMONIE were used to force
WAQUA and SWAN. Because the HARMONIE grid does
not fully cover the WAQUA and SWAN grids (cf. Fig. 1),
HIRLAM data were used to force the models in the regions
not covered by the HARMONIE data. Furthermore, the period
of28 to 30 October is used for the spin-up of the WAQUA and
SWAN models and is not considered in the analysis presented
next. The analysis of the surge and wave response only focus-
es on a sub-region of the DCSM domains (cf. Fig. 3), with
special attention to the Dutch coast.

4.2 Comparison of the drag relations

In order to explore the consequences for waves and surges
when the drag formulation is used in its presently inconsistent
way, two different sets of computations were done. Figure 4
shows the methodology for the first and second sets of
computations.

The first set of computations (hereafter denoted as set 1)
was done in the traditional way. U;o-wind velocities from the
atmospheric model HARMONIE are used as input for the
wave model SWAN and surge model WAQUA (see Fig. 4a).
HARMONIE uses a drag coefficient, Cy, derived from the
ECUME drag relation. In WAQUA and SWAN, the U, (-wind
velocities are internally converted to surface stresses (7, for
WAQUA and 7, for SWAN) using Eq. 1 with drag coeffi-
cients Cq; (WAQUA) and Cy, (SWAN) and constant air den-
sities, which are unequal to the variable air density used in
HARMONIE. Cy; is determined with the Charnock relation
using Egs. 2 and 3 with WAQUA’s default value for o (o=
0.032). For SWAN, the Wu relation (see Eq. 4) is used to
compute Cg,, which roughly compares to the Charnock rela-
tion with a parameter &=0.0185. As each of the three models
uses a different drag relation, the result of these procedures is
that the surface stresses that are used in WAQUA, SWAN and
HARMONIE are all different.
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A second set of computations (hereafter denoted as set 2)
was done with the surface stresses from the atmospheric mod-
el directly forcing WAQUA and SWAN (see Fig. 4b). Like in
set 1, the HARMONIE surface stresses are based on the
ECUME drag relation. However, as WAQUA and SWAN
are forced directly by surface stresses (denoted by 7,), no extra
drag relations have been applied in those models and the sur-
face stresses 7and 7, are equal.

It should be noted that set 2 could also be modelled accord-
ing to Fig. 5, with so-called pseudo wind input. Like in set 2,
in this methodology, the surface stresses from HARMONIE
are used. However, before the surface stresses are used as
input for the hydrodynamic models, they are translated to
the 10-m wind speed (U9 for WAQUA and U, » for
SWAN) using a reference drag relation and a reference air

Fig.4 a The methodology for set a

density equal to the one used in the wave or flow models. In
the case of WAQUA, we apply the Charnock relation (Egs. 2
and 3), with =0.032. For SWAN, we use the Wu relation
(Eq. 4). Subsequently, this reference drag relation should be
used in the model settings of WAQUA, respectively, SWAN.
The results of the pseudo wind computations are the same as
those of set 2. However, the interpretation of the wind fields is
more intuitive than the stress fields. In the following para-
graphs, use is made of the pseudo wind to compare the wind
fields of set 1 and set 2.

In Fig. 6, the surface drag from the drag relations used in
HARMONIE, WAQUA and SWAN is presented as a function
of the U;op-wind velocity range of the All Saints storm. The
drag coefficients from HARMONIE are calculated with Eq. 1
and the HARMONIE U, the surface stresses and an air

Hydrodynamic model: WAQUA

1 computations. b The Atmospheric model: HARMONIE Cas
methodology for set 2 Usoy = T1n
computations ’
Ui, T Uso
Cao
Caz
Usoy —Tu2

Wave model: SWAN

b Hydrodynamic model: WAQUA
Atmospheric model: HARMONIE
T‘L’
Uio,T T
Cao
T‘L’
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Fig. 5 Methodology for the
pseudo wind input

Atmospheric model: HARMONIE

Hydrodynamic model: WAQUA

Ca1
T = Uio1 Car

Cao

UlO:T

U10,1:1 —T;

Caz

density of 1.28 kg/m® for the duration of the All Saints storm.
It can be seen that the wind drag in HARMONIE is lower than
in WAQUA and SWAN for wind velocities smaller than ap-
proximately 15 m/s. For wind velocities higher than 15 m/s,
the wind drag of SWAN is lower than the wind drag of
HARMONIE. The wind drag in WAQUA is for all cases,
except for wind speeds lower than 4 m/s, higher than in
HARMONIE and SWAN.

We will study the consequences of these differences in
wind drag between the models in the next sections. In
Section 4.3, the surge from WAQUA of'set 1 will be compared
to that of set 2. And in Section 4.4, the waves from SWAN of
set 1 will be compared to those of set 2.

4.3 Comparison of water levels

Figure 7 shows the comparison for the surge, S, between
the set 1 and set 2 computations with WAQUA. In
Fig. 7a, the spatial distribution of the surge of set 2
during the surge peak at Hoek van Holland is presented.
Figure 7b shows the mean difference between set 1 and
set 2, <45> = <Sy—S8,>, over the period 30 November to
3 November; Fig. 7c the standard deviation o; and

x10°
3 T T
. ECUME (HARMONIE)
25 Charnock a = 0.032 (WAQUA) |
R relation Wu (SWAN)
20 T g b
L 15¢
(]
1 - .
05¢f
0 . . . .
0 5 10 15 20 25

U,, HARMONIE [m/s]

Fig. 6 A comparison of the drag relation of ECUME used in
HARMONIE (dots), the Charnock relation with « 0.032 of WAQUA
(solid line) and the Wu relation used in SWAN (dashed line) at K13 for
the November 2006 storm

Caz U, 012 17

T U1o,rz

Wave model: SWAN

Fig. 7d the maximum difference between the surge com-
puted with set 1, Sy, and the surge computed with set 2,
S.. Mean differences in the order of several centimetres
are observed, especially near the Dutch coast, with max-
ima of 12 to 18 cm. The surge Sy is higher than the
surge S, as expected given that the drag coefficient used
by default in WAQUA is generally higher than the drag
coefficient used in HARMONIE (cf. Fig. 6 and Eq. 1).

In Fig. 8, the time series of the wind and surge evo-
lution at Hoek van Holland are presented for the days
around the peak of the storm. Figure 8a shows both the
Uyp-wind speed and the storm surge time series for set 1
and set 2. The observed surge is shown as well to illus-
trate the differences between the observation and the
model computations of set 1 and set 2. Absolute differ-
ences in surge between set 1 and set 2 up to 12 cm are
observed in Fig. 8b, whereas the absolute differences in
wind velocity are in the order of 1 m/s. Figure 8c shows
the relative differences in surge (45/S,), compared to the
relative differences in Ujo-wind speeds (0U,0/Uo,) and
drag coefficients (0C4/Cy.,) between set 1 and set 2. In
the period that the wind speeds are higher than 15 m/s
(the period between about 1 and 8 a.m. in 1 November),
the relative differences of U, and S are both between 4
and 6 %, whereas the relative difference of Cy is be-
tween 10 and 12 %. In the period prior to the storm
peak, the relative surge is about two times the relative
Uyp. In these conditions, the surge is probably propor-
tional to the wind speed squared, so that the following
relation holds: §8/S;~ 20U,¢/U 0.

The relation between the relative difference in surge and
the relative difference in drag is further illustrated in Figs. 9
and 10. For the six coastal stations Vlissingen (V1i), Hoek van
Holland (HvH), [Jmuiden (IJm), Den Helder (Hel), Harlingen
(Harl) and Delfzijl (Del) (see Fig. 3), the relative surge and
skew surge, as defined in Section 3.1, were calculated from
the results of the set 1 and set 2 computations. Figure 9 pre-
sents 05/S, against 6Cy/Cy - for all instances where U;>10 m/
s and §>0.1 m (dots), and for all instances where U;,>15 m/s
and $>0.1 m (star markers). A clear relation is observed
between the relative drag and the relative surge; the larg-
er the difference in drag, the larger the difference in
surge. For the higher wind velocities (U;o>15 m/s),
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Fig. 7 a The surge distribution a T
for set 2 at the surge peak at Hoek 56 5 § 0.06
van Holland on 1 November 15 Yy 005
2006, 05:00. b Mean difference of 54 T g =
the surge of set 1 and set 2 <4S>= 3 LR 0.04 g
<Sy,—S,>. ¢ The standard 2 52 05 = 003 %
deviation o for 6§=Sy—S.. d - 0 % 0.02
Maximum difference for 6S=Sy,— 50 05 ¢ 0.01
S 1 5 0
" 0 2 4 6 8 @ 0 2 4 6 8
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5 0.15
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2 0.03 ¢ g';z 2
o X
c © 52 : ©
] 0.02 0.06 €
0.01 50 0.03
0 0
0 2 4 6 8 0 2 4 6 8
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0C4/Cy , is relatively low (< 0.3), as can be seen also in
Fig. 6. The resulting response in §S/S, is smaller than for
the wind velocities 10<U;,<15 m/s.

Figure 10 shows the response of 6hy/hs , against §Cy/Cy
for all instances where the skew surge is higher than 1 m. A
similar figure can be found in Zweers et al. (2011), where they
show the response in 6hy/hs - for different Cy/Cy, based on
seven runs with HIRLAM with different values of the

Charnock parameter, relative to a default run and four differ-
ent storm periods, including the November 2006 storm. In this
study, contrasting to Zweers et al. (2011), the variation in Cy/
Cy.- 1s due to variations in the ECUME relation relative to
WAQUA’s Charnock relation with o of 0.032. Furthermore,
the results are based on only one storm period. However,
Zweers etal. (2011) state that results of individual storms were
very similar, so the results should still be comparable.

Fig. 8 Difference in surge S a 2 7 ! 3
compared to difference in wind
velocity and wind drag at Hoek -
van Holland. a The computed Uy, £ £
and S for set 1 and set 2 and the = )
observed S. b The absolute
difference between set 1 and set 2
for Uy and S. ¢ The relative
difference between set 1 and set 2
for Uy, S and Cy4
b . T 0.2
7 1 b s 01 _
E E
e w
' o
2 op+ 0
‘ 3U 10 3S ‘
1 1 1 1 1 ] 01
30/10 30/10 31/10 31/10 01/11 01/11 02/11
(o
0.3 T T
Q: 0.2 —~~ e Sy
2 0.1 + % X, }'f:)
5 T e
e L
“© / Fam
- -01
57 02 \ // | U, 5SS, 05%C,/C, } b
1 Il
30/10 31/10 01/11 02/11
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Fig. 9 The response of WAQUA 0.5
in relative surge (65/S;) is shown 0.45 |
against the relative difference in
drag coefficients 60C,/C,, 0.4r
between HARMONIE and 0.35}
WAQUA for all instances where
Uy>10 m/s and the surge S> . 0.3r
0.1 m for the six coastal stations g 0.25 |
Vi, HvH, 1Jm, Hel, Harl and Del )
021
R e
0.1r
oosf ¥
0 :
0 0.1

The best fit for Zweers et al. (2011) is (%} = 0.36(%“).

Here, < > indicates that an average value is used over the
entire domain during the entire model run. In this study, a best
fit was found of

Ohy 0Cyq
=04 .
hs,T Cd‘r

The results are very comparable, given the differences be-
tween this study and the study of Zweers et al. (2011).

4.4 Comparison of significant wave height

Figure 11 shows the comparison for the significant wave
height, H,,,o, between the set 1 and set 2 computations with
SWAN. In Fig. 11a the spatial distribution of H,,, for set 2
during the significant wave height peak on 1 November 2006,

0.3

fit 3h /h_ =0.43C /C
s st d “dz

0.25

0 0.1 0.2 0.3
SCd/Cd'z

Fig. 10 The response of WAQUA in relative skew surge (hy/h; ) is
shown against the relative difference in drag coefficients 6Cy4/Cq ,
between HARMONIE and WAQUA for all instances where the surge
S>1 m for the six coastal stations V1i, HvH, 1Jm, Hel, Harl and Del

0.2 0.3 0.4 0.5

06:00 is presented. Figure 11b shows the mean difference,
<6Hn0> = <Hpmo,y—Hmo > over the period 30 October to 3
November, Fig. 11c the standard deviation ¢ and Fig. 11d the
maximum difference between H,,o computed with set 1,
H0.0, and Hy,g computed with set 2, Hy,o ~ Mean differences
up to 10 cm are observed, with maxima of 40 to 50 cm.

In Fig. 12, the time series of the wind velocity Uy
and significant wave height evolution are presented for
K13. Figure 12a shows both the U;o-wind velocity and
the significant wave height time series for set 1 and set
2. The observed significant wave height is shown as
well to illustrate that the differences between set 1 and
set 2 are smaller than the differences between model
and observation. Absolute differences in significant
wave height of set 1 and set 2 up to plus and minus
30 cm are observed in Fig. 12b, whereas the absolute
differences in wind velocity are between 1 and —0.5 m/
s. Figure 12c shows the relative differences in signifi-
cant wave height (0Hmo/Hmo.r), compared to the relative
differences in Uo-wind velocities (6U,0/U;o,) and drag
coefficients (6Cy4/Cy,) for set 1 and set 2. In the period
around the storm peak, the relative differences of Ujq
and H,o are both between —2 and —4 %, whereas the
relative difference of C4 is between —6 and —7 %.
However, the relative differences are larger prior to the
storm peak, with dU;¢/Ujo up to 10 %, 6Cy/Cq ., up to
25 % and 0Hpmo/Hmo- up to 15 %. As seen for the
storm surge, 0Hmo/Hmo- 1S approximately two times
0U1o/Uso,

The relation between 6Hmo/Hmo.» 6U10/Uo,» and 6Cy/
Cq - has been studied further in Figs. 13 and 14. For the
nine measurement stations SCW, SWB, LEG, EUR,
MPN, Ym6, K13, ELD and SON (see Fig. 3), the rel-
ative significant wave height was calculated from the
results of the set 1 and set 2 computations. Figure 13
presents 0H,o/Hmo - against 6U;o/Uyo . for all instances
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Fig. 11 a The significant wave a o b
height distribution for set 2 at the 56 9 § 56 o1
wave height peak at K13 on 1 8 g ’
November 2006, 06:00 is shown. = 5 Zs S ~ 008 E
b The mean difference of the 3 5% @ 0.06 g
significant wave height of set 1 2 52 g 45 5 004 ®
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where U;p>10 m/s. A clear relation is observed be-
tween the relative wind velocity and the relative wave
height; the response of dH0/Hmo - is double the relative
difference in wind velocity for part of the data.
However, for a cluster of data with ratios of §U,¢/Uy,
- smaller than ca. 0.05, a smaller response in significant
wave height is observed. These findings make sense

bearing in mind that for fully developed seas, H is
proportional to Ujo® and in other situations the propor-
tionality varies from linear to quadratic with the wind
speed (Janssen 2004). Therefore, 6H,0/Hmo » should
vary between 0U,o/Uyq ., and 26U ¢/Uj ;-

Figure 14 shows the response of 0H,0/Hmo . against
0Cy4/Cy - for all instances where U;p>10 m/s. Again, a

Fig. 12 Difference in significant a
wave height H,,,o compared to
difference in wind velocity and
wind drag at K13. a The g‘
computed U,o and H, for set 1 =
and set 2 and the observed H,,o. b =)
The absolute difference between
set 1 and set 2 for U} and H. ¢ 0 0
The relative difference between 30/10 31/10 01/11 02/11
set 1 and set 2 for U, Hyo and
Cd 10> Himo ‘ U10,U U10‘z ! HmO‘U HmO,z mo0,obs
b 2 T T 0.5
PO e i e = U
1 0.25
o =
£ W W e £
—::’ 0 / =0 %
X W .
-1 <‘ SUm . SH ' S -0.25
m0
-2 L L -0.5
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. dataU10>10m/s

fit:
SHmO/HmO,t =2 8U10/U1o,x

Fig. 13 The response of SWAN 0.2

in relative significant wave height

(6Hmo/Humo ) 18 shown against the

relative difference in wind 0.15

velocity 6U;¢/Uj - between

HARMONIE and SWAN for all

instances where U;o>10 m/s for °; 0.1

the nine measurement stations e

SCW, SWB, LEG, EUR, MPN, -

Ym6, K13, ELD and SON = 008
0 =

-0.05

-0.05

relation is found between 6H,o/Hmo,r and 6C4/Cy r,
which is for part of the data

0H m0

(S
6 Cle
111’1’10"7’

=0. .
Caior

This means that the response of waves is comparable to
differences in drag coefficient with the response of surges.
As was observed in the previous figure, the response is smaller
for some data (0Cy/Cy, ratios<0.1).

5 Discussion and recommendations

Our study results show large differences between the
waves and water levels computed with surface stress
input and wind velocity input. The case study shows
absolute differences of up to approximately 18 cm be-
tween the surge computations with surface stress input
and wind velocity input. The relative response of the
skew surge to differences in drag is approximately

0.2

40 % (60 % for surge). For the wave computations,
the difference between the wave computations with sur-
face stress input and wind velocity input is typically
20-30 cm in the coastal regions of The Netherlands.
With 60 %, the relative response of the waves is even
higher than the response in skew surge to differences in
drag, but comparable to the response in surge. When
comparing the surge, respectively wave computations
to the measurements, we find that differences between
observed and computed surges, respectively waves are
larger than the differences due to inconsistent use of
wind drag. However, using a consistent wind drag be-
tween the models can contribute to a proper identifica-
tion of errors in the drag formulation and more accurate
predictions of the surges and waves. We therefore
would like to plea for the use of a consistent drag
relation in meteorological, hydrodynamic and wave
models.

With more complicated formulations of the wind drag in
atmospheric models (e.g., ECUME relation in HARMONIE),
it becomes increasingly difficult for modellers to use a

Fig. 14 The response of SWAN 0.3
in relative significant wave height

(6Hmo/Hpmo ) is shown against the 0.25
relative difference in drag 02

coefficients 6Cy/Cy - between

HARMONIE and SWAN for all 0.15
instances where U;(>10 m/s for
the nine measurement stations
SCW, SWB, LEG, EUR, MPN,
Ym6, K13, ELD and SON 0.05

mo,t

0.1

8H M

-0.05

. dataU1o>10 m/s

fit:
BHmO/Hmo

i =0.6 SCd/Cd,t

0.1 0.2 0.3
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consistent drag relation in the hydrodynamic models. The fol-
lowing options can be considered:

1. The easiest option is to make an approximation of the drag
formulation (in terms of the Charnock parameter) and use
this instead. For a model like WAQUA, where the
Charnock formulation is implemented, this option is feasi-
ble; however, for a model like SWAN, this is not possible
as no Charnock formulation is implemented in SWAN.

2. Ideally, one should directly use the surface stress, which is
normally one of the outputs from an atmospheric model,
avoiding therefore extra approximations. However, the
problem with surface stress is that it offers a less intuitive
interpretation than the wind velocity. Furthermore, the op-
tion to use the surface stress directly as a model input should
be implemented in the model and this is not always the case.

3. Our suggestion is to use the so-called pseudo-wind, which
is a translation of the surface stress provided by an atmo-
spheric model to a 10-m wind speed using a reference
drag relation and a reference air density. The modeller
should subsequently use this reference drag relation and
reference air density in his hydrodynamic model settings.
The results of the pseudo-wind computations are the same
as those of the stress computation. The use of a pseudo-
wind ascertains that the model is fed with the stress as
computed by the atmospheric model, while keeping the
more intuitive interpretation of wind over stress.

The pseudo-wind solves the problem of inconsistencies in the
drag relation between models. Even so, in our case study, we
assume that the drag relation used in the considered atmospheric
model is valid. This is not necessarily true, as a large uncertainty
still exists in the magnitude of the drag coefficient, especially for
extreme wind velocities. This uncertainty in the magnitude of
the drag coefficient also influences the accuracy of the surface
stress in the atmospheric model. Therefore, more measurements
of the air-sea interface, especially during high wind speeds, are
needed to improve the prediction of the drag coefficient.

Finally, when the wind drag is modelled, the influence of
the sea surface and many related parameters is usually not
taken into account. In our opinion, a proper modelling of the
drag between air and sea can only be achieved if hydrodynam-
ic, wave and atmospheric models are coupled.
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