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ABSTRACT

A literature study has been performed on wave dependent formulations of the
winddrag coefficient C4. This study was inspired by the suggestion that,
especially for storm conditions, the CSM-model can be improved by using a
wave dependent C; instead of the 'traditional’ form that uses only the wind
speed. Therefore, it was aimed at an overview of wave dependent C, formulas
that are feasible for implementation in the CSM-model.

Roughly speaking, the C,; formulas that are proposed in the literature can
be divided into two classes. One class consists of formulas that use the
complete spectral density of the wave field; the other class is more
empirical and uses merely a few wave parameters for the description of the
surface drag. The latter approach is most widely used and there is consen-
sus that the so called wave age is the key parameter for the description of
the surface roughness.

On the basis of this study it is concluded that inclusion of wave informa-
tion in Cy, e.g. from results obtained from a numerical wave model, will
improve storm surge predictions with CSM.

Although the approaches that use the spectrum tend to have a more sound
physical basis, the C; formulas based on wave age are more promising for
implementation in the CSM-model given their computational efficiency.

In the final chapter three promising wave dependent C,-formulations are

proposed.
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interface

vertical velocity component of wind

deviation of the vertical wind velocity from its mean; w:=W-<W>
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vertical coordinate
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1. INTRODUCTION

During the period 1984-1988 the Tidal Waters Division (DGW) of the Dutch
Ministry of Transport and Public Works and DELFT HYDRAULICS jointly
developed the numerical program CSM (Verboom et al., 1987, Gerritsen and
Bijlsma, 1988). CSM predicts the depth averaged tidal flow and water
elevation in the North Sea. CSM is an abbreviation for (Dutch) Continental
Shelf Model. It is based on a dedicated, spherical coordinate version of
the WAQUA system which forms a package for the simulation of water flow and
water quality in shallow waters like coastal seas, estuaries and rivers.
WAQUA, and therefore CSM, follow a 2Dh approach, i.e. they calculate

vertically averaged velocities.

Over the past six years many applications have been performed with this CSM
model. These applications showed that the model is able to produce reasona-
ble predictions of water-levels, both at the Dutch coast and at other
(British) 1locations on the Continental Shelf. This holds under mild
meteorological conditions. However, under storm conditions, when the wind
speed can exceed 15 m/s, significant deviations between predicted and
observed water levels have been observed. These discrepancies can be of the
order of a half to one meter. In the model it has been assumed that the
wind-drag coefficient is a function of windspeed only and it does not
explicitly account for the actual sea state. By sea state the small scale
shape of the sea surface is meant together with its spatial and temporal
variations. This spatial and temporal variation of the sea surface is
characterized by a windwave field. In the literature it 1is commonly
accepted, however, that the wind- induced drag is rather sensitive for the

state of this air-sea interface.

To improve the model for extreme conditions various research activities
were performed in the past. One of these activities concerns the develop-
ment of a data-assimilation system based on Kalman Filtering (Heemink,
1986). In this approach the model’s state variables are calculated in two

steps. The first step consists of the prediction of the state variables on

the basis of the model. In the second step this prediction is adjusted on
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the basis of measurements. In this way much better (short-term) predictions
can be generated than in the case that the predictions are not corrected
for the observations.

Another activity dealt with the (off-line) further calibration of the wind-
stress coefficient C; for some specific storms that occurred in the past.
In this calibration, the wind stress coefficient was still assumed to
depend on the wind velocity U,; (at 10 meters above the water surface) only:
C4~C4(Usg) . The dependence of the drag coefficient on the wind velocity was
reformulated by a piecewise linear function (two breakpoints). It turned
out that the agreement of observed and measured waterlevels could be
improved. However, this improvement was not very spectacular with respect
to the ’'standard’ (linear) choice of the drag coefficient. This calibration
of C4(U,,) and its conclusion form the starting point of the present inves-
tigation. As stated earlier, the surface drag is not only a function of the
wind speed but also depends on wave parameters. This dependence forms the

central topic of this report.

The aim of this report is to summarize a literature survey on wave depen-
dent formulations of the winddrag coefficient and to investigate their
feasibility for the improvement of the CSM-model for the prediction of

water levels under extreme meteorological conditions.

The report is organized as follows. Chapter 2 gives a more detailed
discussion of the relevance of wave dependent drag coefficients. Chapter 3
gives a brief introduction to aspects of waves (terminology, definitions,
approaches, wave parameters etc.) that are encountered in wave dependent
drag formulations. Chapter 4 presents summaries of a set of relevant papers
on wave dependent drag coefficients. On the basis of these summaries the
state of the art of C; modelling is given in Chapter 5. Finally, sugges-
tions for alternative Cd-formulations in the CSM-model will be proposed in

Chapter 6.

This study was performed by DELFT HYDRAULICS on commission of the Tidal
Waters-Division. The DELFT HYDRAULICS-participants were Dr. H.F.P. van den
Boogaard, Ir. R.E. Uittenbogaard and Dr.ir. H. Gerritsen. Prof.dr.ir. A.W.

Heemink of DGW represented the contracting party.
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2. SURFACE ROUGHNESS AS FUNCTION OF WIND AND WAVE PARAMETERS

In Chapter 1 it was outlined that wind induced surface waves form an
important mechanism for wind drag (exchange of momentum) on the waterbody.
Nevertheless in numerical models such as the CSM-model the surface drag is
usually modelled on the basis of wind speed only. The traditional approach
is to take the wind shear stress proportional to the square of (mean) wind
speed, the density of air, and a drag coefficient C,. In its turn this drag
coefficient is chosen as a function of the wind speed, i.e. C~C4(Uy). In
this equation h is the height above the surface where the wind speed has
been measured. This height must be sufficiently greater than the sea
surface fluctuations. It is common use to take h=10 m.

Usually the form of C (Uy) is determined on the basis of scatter plots of
measured (Cd,Uh) values. Such plots suggest a linear, or power law, relation

of the drag coefficient and the wind speed:
Cqy = a + byP (2.1)

Sometimes (as e.g. in the CSM16-model) the prescription of C, is given by a

piecewise linear function instead of a 'single’ parameterization.

Well known examples of Cda%) formulations are those by Smith and Banke
(1975). Alternative formulations were proposed by Smith (1980), Garratt
(1977), Large and Pond (1981) and Wu (1969). See also Table 1, Table 2 and
Fig.(2.1) for a more complete overview (from Geernaert, 1990). These tables
and the figure illustrate the variability that has been found. This
variability suggests a regional dependence of the drag coefficient. It is
seen that data collected over lakes, basins and shallow seas tend to
correspond to larger C, values than open ocean data. Moreover, the drag

coefficient increases with wind speed.

From Table 1 it is also observed that the scatter in the Cy4-U, plot is
significant. This may indicate that the surface drag is not properly
described by solely the wind speed. In the literature several authors
conclude that for the formulation of the surface drag coefficient it is

more realistic to use sea state information rather than solely the (mean)
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wind speed. The main argument is that surface waves act as roughness
elements which influence the momentum flux from the atmosphere to the sea

(Kitaigorodskii, 1973; Geernaert et al., 1986).

The most likely reason that in (numerical) hydraulic models usually only
the wind speed is taken into account is without doubt the absence of
information on the wave field. Therefore, a direct parameterization of the
dependence of Cy on its most basal cause, 1i.e. the wind speed, is the only

alternative left.

In recent years progress has been made in the development of numerical wave
models. On the basis of meteorological information (atmospheric temperature
and wind fields) these models generate ocean/sea surface wave amplitude
spectra. These spectra describe the time evolution of the energy distribu-
tion of the waves as a function of the spatial coordinates, frequencies and
angular direction. See for example the WAM-model (Komen, 1985; The WAMDI
Group, 1988).

Noting that the numerical prediction of wave fields (on scales that cover
the CSM16 area) become available, the problem is reduced to condensing this
(bulk of) information into a possibly improved formulation of the surface
drag coefficient. Even if this problem can be solved theoretically (at
least in principle) it is not yet evident that such a refined formulation
is of practical use. For instance, the drag may depend mostly on short
waves which may not be explicitly computed by the wave model. Moreover, it
must be verified that the effort that is involved in the implementation of
a wave dependent drag formulation on one hand, and, the (probably substan-
tially) increased computational effort required for the successive numeri-
cal model calculations on the other hand, relate acceptably to the improve-

ment that is obtained (assuming that an improvement is achieved).

This report aims at the formulation of the shear stress at the sea surface.
In the transfer of momentum from the atmosphere to the water body two forms
can be discriminated: (i) momentum transfer to the surface waves (to be
modelled by a wave model), and, (ii) momentum transfer induced turbulence
in the water body leading to changes in the (mean) velocities. With regard
to the CSM16-model we are dealing with a vertically averaged model. This
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discrimination is therefore not relevant as long as the momentum balance is
poperly formulated. On the other hand, the results of this report may not
be directly suited for 3D hydrodynamic models which, in the context of
momentum transfer from the atmosphere to the water body, require the
appropriate momentum balance at the surface layer. Neither will the present
results be suited for the prediction of turbulent mixing at the water

surface.

Summarizing, and putting the preceding considerations in the scope of the

CSM-model, the problem thus reads:

"what are feasible wave dependent surface drag formulations for the CSM-
model, and will these formulations lead to better water level predictions
under storm conditions than the predictions based on the 'traditional’

surface drag formulations (i.e. dependent on wind speed only)?"
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3. A SURVEY OF IMPORTANT WIND AND WAVE PARAMETERS

In the literature survey on surface drag formulations a variety of formula-
tions were found, each using specific assumptions, wave parameters and
notations. The aim of this chapter is to give a brief overview of termi-
nology, important wind/wave parameters as well as their typical values in
practice, and the common assumptions used in the derivation of wind drag

formulations. In each of the following sections a particular subject will

be considered.

3.1 Shear stress, friction velocity and drag coefficient

The aim of the present study is to obtain a surface drag formulation that
depends on the actual sea state. The surface drag is given by the shear
stress t, and it satisfies the following equation:

T, - pau,2 (3.1)
In this equation u, is the friction velocity of the water at the surface
and p, is the density of air. Typical values for u, are in the range of 0.01
m/s (for wind speeds of the order of 1 m/s) to 0.8 (for wind speeds of the
order of 15 m/s). For the density of air a typical value of 1.225 kg/m>
holds. For these values of friction velocity and density of air the shear

stress varies from 104 to 0.4 Pa.

Sometimes Eq.(3.1) is written in a form that contains the actual wind speed

(at a distance h above the surface) instead of the friction velocity. This

form reads:

g, = Cdkaz (3:2)

Here the drag coefficient C4 has implicitly been defined by

Cy = w?/U? (3.3)
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Values for C, that are encountered in practice may vary by an order of
magnitude from, say, 3.10"% (wind speeds of the order of 1 m/s) to 3,1073
(at wind speeds exceeding 15 m/s).

Given the wind speed Uy it must thus be noted that C; and u, are not inde-
pendent and our task is to find a consistent, sea state dependent descrip-
tion of either C, or u,. Given the form of the shear stress 7., a functional
relationship of u, on one hand and wind/wave parameters on the other hand

is to be preferred to a more indirect approach via a formulation of Cj.

In Section 3.4 a third alternative parameter for the description of the
surface roughness will be encountered, namely the roughness length z,. In
literature it is common use to give a formulation for the roughness length
z, rather than u, or Cj. The conversion of z; into Cq or u, will be shown in

Section 3.4.

3.2 Neutral conditions

Throughout this report it will be assumed that neutral conditions hold at
the sea-air interface. This means that temperature gradients, which may
significantly affect the velocity profile, are absent. From the literature
it is known that the amount of temperature stratification is expressed by

the Richardson number R;. For an ideal gas R; is defined by

g(dp/0z) g(98/9z)
. & - omialL S L (3.4)

p(du/dz)? 8(du/dz)?

where 6 is the temperature in °K. See e.g. Geernaert (1990). For the
calculation of the derivatives Donelan (1990b) uses the temperatures (6,)
and wind velocities (U;) at the surface and those at a distance h above the

surface (Bh, U,). His expression for the Richardson number then reads

gh(8, - 8,)
R, = —————— (3.5)

2
8,Uy,
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Donelan (1990b) states that neutral is taken to include cases in which this

number is less than 0.01 in magnitude.

To get an idea of the ‘critical’ temperature gradient that follows from
this criterium, the following values are substituted: h=10 m, IHD-IO m/s,
6,290 °K, g=10 m/s?. This leads to the condition that the temperature at
the surface must not exceed 287 °K, or alternatively, the gradient 96/9z

must be less than 0.3 °C/m.

3.3 Roughness of flow, roughness length, and logarithmic velocity profile

Given an unstratified flow and the wind speed at a fixed height above the
mean sea surface the transfer of horizontal momentum to the sea is assumed to
depend on its surface roughness. This idea is borrowed from extensive
research of turbulent flows along rigid "rough" walls; lateron definitions
are presented for the roughness length and when a wall is considered to be
"rough" or "smooth". The roughness length is related to the spatial amplitude
spectrum of the solid-fluid interface provided the amplitude is large enough.
The roughness length determines the drag coefficient of the wall (section
3.4). The transferred momentum from air to the sea is spent on i) wave
generation, the growth of ii) the mean kinetic or of 1iii) the turbulent
kinetic energy of the water body. At first sight this seems to be of no
concern for the prediction of water levels because it is based on a total
momentum balance. However, the surface roughness of the movable air-water
interface is not likely determined by the mean flow or turbulence in the
water body but probably only by the sea state. This point of view is adopted
by several researchers like Kitaigorodskii; his model is treated in the next
chapters. The sea state partly depends on the local history of wave genera-
tion by wind. For some limit conditions such as a long time after wind set up
and long distances to the shore(s) a unique limit condition may be anticipa-
ted between roughness, sea state and wind speed. Then knowledge of the
intermediate processes is not required since a direct, probably empirical,
coupling between the drag coefficient and the wind speed is expected.

Either for a reduction of empiricism or for an extension towards more general

conditions of relatively small time scales and small distances to shores the

temporary and spatial dependence of the roughness on the sea state is needed.




The reasoning given above is the foundation of several models which are
treated in chapter 4. This section only introduces briefly the definitions
and the terminology used in turbulence research to describe and classify a
turbulent flow along rigid walls. The next step is to motivate, supported by
experiments, that these findings are applicable to a mobile air-water

interface which concludes this section.

Turbulent flow along a rigid wall

Most turbulence theories for boundary layer type flows along walls apply the
concept of the eddy-viscosity v, to relate the shear stress t acting on the

wall with the only non zero velocity gradient 9U/dz by

t=p,. (ve+vy) . 3L, (3.6)

with p, the density of air.

In (3.6) v, is the kinematic viscosity of air and z is the distance to the
wall. For a 3D-flow along a wall in (3.6) is t the magnitude of the shear
stress vector and likewise 9U/dz the magnitude of the shear rate. Then the
shear stress vector is parallel with the shear rate vector (dU/d9z,dV/dz,0)
provided z is perpendicular to, and U and V are parallel with the wall. In
this section the flow is in x-direction with U the only non-zero mean flow
velocity component.

Usually not t is used but instead the friction velocity u, defined in

T = p,.ul. (3.7)

The friction velocity u, has the order of magnitude of the rms-values of the
turbulent velocity components and is frequently 3 a4 5 % of U. In Maxwell's
model for a perfect gas the molecular viscosity is proportional with the
product of the free path length of the molecules and the rms-value of their
velocity (square root of the gas temperature). Analogous the eddy-viscosity v,

is the product of the so called "mixing length" L over which turbulent
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momentum is transferred and the rms-value of one of the turbulent velocity
components.

This is the Kolmogorov-Prandtl mixing length model for the eddy-viscosity. In
the boundary layer along a wall the mixing length is proportional with the

distance to the wall so that

Vi = K.WZ (3.8)

With Von Kdrmidn's constant x=0.41 , derived from experiments.

From (3.8) follows that the dominance of the turbulent contribution v, over

the molecular (kinematie¢) viscosity v is determined by the ratio

v ; u,z
—Z = x.z* using z*'= —=—. (3.9)
v. v'

In (3.9) is z scaled to the so-called "wall coordinate" z* which is actually
one of the many definitions of the Reynolds number. In the boundary layer <

is independent of z and (3.6), (3.8) and (3.9) give the following velocity

profiles.
The log-law of the wall for z* 2 =100 : U= —*1n(Z) , (3.10a)
o
or the viscous sublayer for z‘< 3, : U=ug,.z% , (3.10b)
with length scales 3 and z, to be determined.
Between 8,<z*<100 there is a transitional or buffer layer where both the

turbulent and the molecular effect contribute to the shear stress 1. In the
viscous sublayer, where molecular viscosity dominates, the flow is still

subjected to the highly temporary and spatial forcing by the turbulent flow.

The semi-empirical log-law (3.10a) is valid if the flow is:

* without large scale recirculation in a plane perpendicular to the wall,

* with negligible pressure gradients in the main flow direction in comparison
with the one in the direction perpendicular to the wall,

* with zero or small mean rotation component perpendicular to the wall,

* without density stratification and
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* for pipe and duct flows z* < 300 although it can be extended to 1000 say .

with minor deviations.

Whether a wall should be regarded as rough or as (technically) smooth depends
on the ratio between the small scale or subgrid modulations of the wall and
the thickness 8 of the so-called viscous sublayer (Schlichting, 1969). First

a definition of the thickness of the viscous sublayer is derived. From

experiments in smooth pipes and smooth ducts z, = z, in (3.10a) and from

Nikuradse (1932a) and Laufer (1952) follows:

z = V¥ (3.11)

with dimensionless constant E = 9.9 .

The definition of the thickness of the viscous sublayer follows from the
neglect of the intermediate buffer layer and matching of the velocity
profiles given by (3.10a) and (3.10b):

x.8, = In(E.8,) giving 8, »11.4 or 8,6 = 11.4-ul. (3.12)

L

For rough walls in (3.10a) =z, 4 z, and Nikuradse (1932b) found empirically

for the roughness coefficient

Z,, _

1
o 30 ' (3.13)

with o the rms-value of the geometrical roughness.

Businger et al. (1971) report for wheat stubble z, /0=1/7.5 instead of

(3.13) showing the variability depending on the shape (spatial amplitude
spectrum) of the roughness forming elements.

With definition (3.13) a wall is defined as fully rough when its roughness

length o>>8, i.e. when it largely exceeds the thickness of the viscous sublay-
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er. This means that the roughness forming elements directly influence the
turbulent flow in the log-layer: this condition is called "form drag"

determined by o which then dominates "viscous drag". Then in (3.10a) for a

rough wall z,=z,  must be taken instead of z,=z, . For a fully rough flow

the viscous sublayer is submerged between the roughness elements and the
point with z<z,, is below the peaks of the roughness forming elements; there
U=0 should be taken instead of the viscous sublayer formula (3.10b).

There is a transitional regime of roughness where z, in (3.10a) depends on the
Reynolds number of the flow. The distinction between the different roughness

regimes is determined by the "roughness Reynolds number" which Geernaert

(1990) defines to be proportional to the ratio between the roughness length

of a rough wall =z, (3.13) and the thickness 8, of the viscous sublayer

€312 .

Uiz, -
Re, = ——b® 118 o=, (3.14)

giving the following classes:

smooth - Res<0. 13 then Z,=Zg, of (3.11)
transitional rough: 0.13<Res<2.5 (3.15)
fully rough - 2.5<Re;, then  z,=z, of (3.13)

Donelan (1990a) uses 0.11 instead of 0.13 in (3.15). Tennekes and Lumley

(1982) define a roughness Reynolds number Re, based on the rms-value o of the

geometrical roughness rather than Re;, with z, . They report Re,<5 as

smooth and Re, >30 as fully rough.
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Using (3.15) the fully rough regime occurs when z, > =0.2 8, or o> =75.v/u,

if o=30.z, is taken. This demonstrates that the criteria for the type of

wall roughness is flow dependent. For a mean velocity U decreasing from a
large value to zero also u, and Re;, decreases making an initially rough wall
finally a smooth one because of the growing thickness of the viscous sublay-

er.
An example

Take U=10 m/s then typically u, =0.5 m/s (5% of U) and the lower limit of a

fully rough air flow is 022.4 mm while 0224 mm when U=1 m/s is taken. At

high air velocities disturbances with only small amplitudes are not fully

rough.

Turbulent air flow over an air-water interface

In the preceding part the classification of the turbulent boundary layer
along a rigid wall and its velocity profile was presented. The example at the
end showed that if the rigid wall has the roughness of the air-water interfa-
ce in most cases the flow is fully rough except for small amplitudes or at
low wind speeds.
To translate the information from a turbulent boundary layer to a mobile air-
water interface 4 questions need further consideration.
A. Will the wind profile in the turbulent boundary near a mobile air-water
interface also obey the log-law of the (rigid) wall?
B. How important is the stratification of air and will it effect the wind
profile ?
Are the friction velocity u, and roughness length z_ , measurable ?
Is there a procedure to improve the estimate (3.13) given the sea state
i.e. making the ratio z /o sea state dependent where o now means the

rms-value deviation of the water surface ?
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Question A

In laboratory experiments Hsu et al. (1981) show that the velocity profile of
the mean air flow over a mobile air-water interface follows the log-law as if
the interface is a very rough and rigid surface.

Because of the large extend of the lower atmosphere the log-layer will easily
include the first 10 m above the mean water surface: the upper limit of z* of
1000, originating from pipe and duct flows, is too restrictive.

So indeed the information of the preceding part of this section appears to be

applicable for mobile air-water interfaces.

Question B

The air flow above water may contain a vertical temperature profile leading
to a stable stratification for hot air above a cold sea or vice versa giving
an unstable stratification. In general stratification alters the velocity
profile, see e.g. Nieuwstadt (1981) for the case of wind over land. Compared
with land the greater infrared absorption of water and mixing in the water
body reduces the stratification in the turbulent boundary layer of air above
sea. Therefore most researchers consider the influence of stratification on

the drag of the turbulent air flow on the sea surface as small.

Question C

In practice the parameters z, and u" in (3.10a) are relatively easy to
determine from measurements of the mean wind profile U(z), Geernaert (1990)
calls this the "profile method". However, Geernaert (1990) notes that
stratification will deviate the U(z)-profile from the log-law and the
U(z)-profile may be modulated by long surface waves. Finally more measuring
positions at different locations are needed to determine U(z).

A more accurate method is the direct measurement of the turbulent part of the
shear stress t in the air flow above the sea surface. At 1 m above the sea
surface with U=10 m/s the wall-coordinate is already z*23.10*. Then (3.9)

shows the insignificance of the molecular viscosity in (3.6) so that t equals

the turbulent shear stress (—pa<u'w'>) giving
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T = —plu'w> + 0(-5:) and u? = -<u'w’> , (3.16)

with u' the streamwise and w’' the vertical component of the turbulent
velocity and <..> means here time averaging. Available two component velocity
meters with small enough measuring volumes and fast time responses can
measure both u and w. After subtracting the mean values, u’'=u-<u> and
w’'=w-<w>, the covariance <u’'w’> of the fluctuating horizontal and vertical
wind velocities can be computed from which follows u, given in (3.16). Because
t is constant in the first 10 m above the sea level only one measuring
position on a rig is required. Geernaert (1990) calls this the ’'eddy correla-
tion technique’.

Both methods need measuring times much longer than typical variations in the
wind speed (hours). Another difficulty is the position of the instruments on
the platform. The rig may influence the measurement because of the formation
of a stagnation point and the location of the "ideal" stagnation free

instrument position may vary for changing wind directions.

Question D

This question refers to models where the ratio (zo/o) depends on the sea state
and of course the height o, the rms-deviation of the water surface, is a sea

state parameter. These models attempt to replace the uncertainty in the

relation between ¢ and 2z, and other findings referred below (3.13) for

flows along rigid walls.

The modelers of the drag of the sea surface have to enter a domain not yet

treated in turbulence models for flows along rigid walls. This important

subject is the essence of this report and is treated in Chapter 4.
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3.4 The relation of roughness length, drag coefficient and friction velocity

In Section 3.1 it was argued that for the determination of the surface stress
the functional dependence of the friction velocity u, on wind and wave
parameters is required. Instead of the friction velocity one may try to find
such an expression for the drag coefficient C,y. Due to the definition of this

coefficient this does not really change the problem, though.

It turns out that for the description of the surface roughness one may as
well express the roughness length z, in terms of the wind and wave parameters

(instead of C4 or u,). This is easily seen from the velocity profile:

U,
U(z) = _1n(z/z,) (3.16a)
K

So,
u, = th/ln(h/zo) (3.16b)

Here U, is the (average) wind velocity at h meter above the water surface.

Usually 10 meters is taken for this height.

It will be seen in Chapter 4 that most expressions for the roughness length
contain the friction velocity u,. So in general the Eq.(3.16b) gives an impli-

citly defined formula for the shear stress.

Eq.(3.16b) expresses the friction velocity as a function of the roughness
length. Alternatively one may express the drag coefficient in terms of the

roughness length. Since Cy is defined by ungth it follows that

Cy = %2 [1n(h/zy) ]2 (3.17)

In the literature most of the models for the surface stress involve an
expression for the roughness length z,. Since the proposed z, formulations
will be expressed in u, (and wave parameters) rather than C,, Eq.(3.17)
includes two dependent variables, namely u, and Cj. Therefore Eq.(3.16b) has

to be preferred.




B

Only in ‘traditional approaches’, when C, is expressed in solely the wind
velocity U, (excluding the friction velocity u,), a direct parameterization Cj

seems to make sense.
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3.5 Wave spectrum and wave parameters

In this section a brief outline is given of the representation and 'parame-

terization’ of the (surface) wave fields.

The temporal and spatial evolution of the wind induced wave field is usually
described by a directional wave spectrum. This spectrum describes the energy
density in terms of the directional wave number and the temporal and spatial

coordinates.

In recent years considerable progress has been made in the development of
numerical models for the prediction of wave fields. The basis of these models
is formed by the energy balance and includes radiative transfer of energy
(due to propagation of the waves) together with terms governing the input and
dissipation of energy, and terms describing the nonlinear interaction of

waves.
For an example of such a wave model we refer to the WAM-model (Komen, 1985;

The WAMDI Group, 1988).

In the remainder of this section a brief review is given of the most impor-
tant aspects/parameters of waves and wave models relevant in the present

context. In this review the texts of Geernaert (1990), Donelan (1990a) and

Battjes (1982) are followed.

For ocean/sea waves the input is provided by momentum transferred from the
atmosphere to the water surface. In the beginning, i.e. for ‘young’ wave
fields, this atmospheric forcing especially affects the higher frequencies.
Snyder et al. (1981l) have found that this input source term increases
linearly with the wave frequency for waves that are actively growing. This
growing continues until a level is reached where the energy gain (wind input)
and losses (dissipation due to breaking) are in equilibrium. Through nonline-
ar wave-wave interactions (Phillips 1960; Hasselmann 1962, 1963) the spectrum
broadens, and together with dissipation at the short wave length end, the

peak of the spectrum shifts to successively longer and faster wave compo-

nents.
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Until recent years the wave frequency spectrum was described by a simple

power law:

S(w) = B-gz'm's for w2,
S(w) =0 for w<w, (3.18)

in which e, is a cut-off (radian) frequency at the low-frequency end of the
spectrum and the constant P is of the order of 1072, Note that for this form
of the spectrum o, coincides with 0, where @y is the radian frequency where
this spectral density is maximal (often 0p is called the peak frequency).

In practice the peak frequency fE#%/Zu is of the order of 0.1 Hz and the
spectrum contains frequencies in the range of 0.05 to 0.5 Hz.

The spectrum of Eq.(3.18) is named after Phillips (1960) and parameter p is
usually called the Phillips constant. Phillips derived this form of the
spectrum on the basis of the following arguments. Provided that wind duration
and/or fetch® are sufficiently large, the energy density in the high frequency
part of the spectrum will reach a level where energy input and energy
dissipation are in equilibrium. This level will be determined by breaking of
the waves and for this breaking only the frequency e and g (the accelaration
of gravity) are relevant. By a dimensional analysis he concluded that at
least for the high frequencies the spectral density S(e) must be proportional

to o,

*NB. Given a certain position in a wind/wave field, the fetch is defined to be

the distance to the nearest upwind limitation.

Field measurements confirmed the form of the Phillips spectrum for the high
frequency part of the spectrum. However it turned out that f is not a con-
stant in the strict sense but varies over a range of 0.008 to 0.020. The
scatter in this constant is probably due to dependence of B on additional
wind and wave parameters. As an example, the Phillips constant is larger for
conditions of short fetch than for long fetch. For further information on the
Phillips constant and spectrum see e.g. Geernaert (1986; parameterisation of

B in frequency and wave age, p.7675) and Longuet-Higgins et al. (1963;

experimental determination of this constant).
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Geernaert (1990) reports that more recently new models for the equilibrium
range have been proposed. Phillips (1985) suggests a refinement to his

spectral form which in the frequency space is,
S(0) = u,gro (3.19)

This form has also been found by Donelan et al. (1985) for spectra obtained

from Lake Ontario.

In contrast to the high frequency part of the spectrum, no (dimensional)
argumentation is available for the description of the spectrum at the low
frequency part. On the basis of measurements, however, updated formulations
of the Phillips spectrum were proposed. Well known is the one by Pierson and
Moscowitz (1964). They suggested to maintain the Phillips form for the high
frequencies, but introduce a flank at the low frequency part of the spectrum.
The position (in the frequency domain) of this flank is determined by the
fetch: for increasing fetch the flank shifts towards the lower frequencies.
To account for such a flank Pierson and Moscowitz multiplied the Phillips
spectrum by the following factor: exp[-&%(u/mmy‘]. In this factor, e, is a
scale parameter. This modified form of the Phillips spectrum was further
modified on the basis of the analysis of the JONSWAP-data (Joint North Sea
Wave Project: Hasselmann et al. 1973). The fetch limited wave field was here

described by:
S(e) = 2ug2¢u'5 exp[-514(wp/0)‘ + ln(yo)-exp{-h(u-up)z/azuzl] (3.20)

where o is 0.07 for 0>, and ¢ is 0.09 otherwise. The parameter y, was found
to be 3.3. The need to modify the Pierson-Moscowitz spectrum originated from
the fact that the peaks of the observed spectra were much more pronounced
than the ones on the basis of Pierson-Moscowitz spectrum. This led to the
inclusion of the following 'peak enhancement factor’:

1, 0-0
exp [ —2‘(—0';;;2)“
Y (@) =yo

According to Geernaert (1990), the dominant frequency o, may be determined

p
from the observed wind speed U and upwind fetch X according to
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o, = (7ng/U) (gx/U%)"V3 = Tx(g?/(X-U))"V/? (3.21)
The coefficient a may be estimated to be
« = 0.76(gX/u2)"1/3 (3.22)

Other important relations for wave analysis given by Geernaert (1990) are the

phase velocity c, of the peak wave,
ey, = 0 /k (3.23)

and the dependence of the peak frequency o  on the time duration T, of the

p
wind field is given by:

0, = L.5(Tnbres) 1P (3.24)

T, must be expressed in hours. To get an idea of the magnitude of these wave
parameters we substitute the following (realistic) values into the preceding
equation: U=15 m/s, u,=0.7 m/s, X=200 km. This leads to: up-0.72 rad/s
(£,=0.11 Hz), ¢,=13 m/s k=0.055 m', @=0.1 and a wavelength A =118 m.

The preceding expressions for the wave parameters indicate that the several
scale and form parameters are not independent. Moreover, measurements of wave
spectra for growing seas have shown that the form of the spectrum is relati-
vely independent of the stage of this growth (Hasselmann et al., 1973). In
the energy balance this may be explained by a stabilizing influence of the
nonlinear wave-wave interaction on the form of the spectrum. This form
invariance appears not to be restricted to growing seas in standard wind
fields but has also been observed for inhomogeneous and nonstationary
windfields (Sanders, 1976). This property is often called the ’'self-similar

structure’' of the wave field (named after Kitaigorodskii, 1962).

Due to the self-similar property the spectrum can be described by a limited
set of scale and form parameters, allowing a parametric approach for the

description of the evolution of the spectrum.
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often the spectrum is parameterized by one parameter, cp/u* (sometimes the
alternative parameter cp/U10 is used), i.e. the ratio of the phase velocity of
the dominant frequency and the friction velocity u,. It has a magnitude of the
order of 0.1 for young seas to 30 or more for old, fully developed sea’'s. The

parameter cp/u, is traditionally known as the wave age.

Due to the self-similar structure, the deduced, 'internal’ wave parameters
(such as total wave energy, significant wave height, wave steepness) are also
coupled to the wave age. For an example see Donelan et al. (1985) who fitted
a set of spectra obtained from Lake Ontario to % at high frequencies and

found that the spectral parameters could be related to the inverse wave age.

Finally we give some definitions associated with the stage of development of
the wave field. The wave field is said to be in equilibrium if at any time
and any spectral compoment the energy input balances the energy output. The
wave field is said to be saturated when it has reached the upper limit of its
possible growth and increased forcing would lead to breaking of the waves.
The condition of full development is said to be obtained when the phase
velocity of the waves at the spectral peak approach the wind speed, (Donelan,
1990b). Donelan (1990b) defines full development by the condition that the

phase velocity of corresponding to the peak frequency exceeds the wind speed

by 20% (Uyp/c=0.83).




A

4. A SURVEY OF LITERATURE ON WIND STRESS FORMULATIONS

A literature scan was carried out for formulations of the surface shear
stress, and a set of relevant papers was selected. These papers were studied
with respect to drag formulations and will be summarized in this chapter.
This inventory forms the basis for suggestions of alternative u, (or Cy)

formulations for the CSM-16 model.

From the consulted literature it became clear that the investigation of a sea
state dependent form of surface drag coefficient is all but a recent topic.
The interest in this work has its root in the fifties and most likely has the
work of Charnock (1955) as its seed. Based on a dimension analysis Charnock
proposed a relation between the roughness length (z;) and the friction
velocity over the water surface (u,). Many approaches that follow are more or
less a generalisation of Charnock’s formula. Charnock’s formula and its
generalisations will be encountered in Section (4.2). These formulations have
a more or less parametric approach: the roughness length is expressed in (a

few) wind and wave parameters.

There are also approaches that express the roughness length in the spectrum
S(w) without apriori assumptions or parameterization of the spectral density.

These formulations will be summarized in Section (4.1).

Roughly stated, existing models of wave dependent drag coefficients fall into
two categories: empirical formula’s and theoretically derived formulations
based on specific assumptions regarding the nature of the roughness length z;

(Geernaert, 1990).

In the papers that were consulted different notations were used for roughness
length, wave parameters, spectra, ... etc... To prevent confusion the

notations were standarized conform the list of symbols.
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4.1 ROUGHNESS LENGTH AS FUNCTION OF THE COMPLETE WAVE SPECTRUM.

The following two papers propose roughness length formulations that integrate
the complete spectrum and do not involve particular assumptions on (or

parameterizations of) its form.

4.1.1 Kitaigorodskii (1973)

This book provides one of the earliest formulations of the roughness length
that uses the complete form of the spectrum S(w). In the derivation of the
surface roughness length the wave field is seen as a superposition of many
independent surface waves. For every individual wave (of radian frequency w)
a characteristic length of the surface roughness element is calculated. From
all these characteristic lengths a mean length is calculated via averaging
over a modified spectrum. ’'Modified spectrum’ refers to a spectrum that is
weighed by some function. Here this weight function originates from the
calculation of the characteristic wave height in the reference frame of the

independent waves. The approach is as follows.

Let 'a’ denote the roughness height described by the moving roughness
elements (within their frame of reference; 'a’ is identified with the
amplitude of the wave) and h, the roughness height in the immobile frame.
Given a wave element moving at phase velocity c, Kitaigorodskii derives the

following relation:
h, = a-exp(-xc/u,) (4.1)

In the derivation of this formula, some assumptions were made like (i) the
amplitude 'a’ can be interpreted as some measure for the height of protube-
rances of a completely rough immobile wall, (ii) a logarithmic profile holds
for the wind speed above the wave, and (iii) the turbulent flow past mobile
roughnesses is analogous to flow past an immobile rough wall; this assumption
requires that the time scales of turbulence are much smaller than the time

scale associated with the evolution of the waves.




- 29 .

In the presence of many waves instead of a single one, the mean amplitude
must be taken in Eq.(4.1). This leads to a root mean square average of hg

over the wave spectrum:
2 -
<h?> =2 [ S(e) exp(-2xc/u,) do (4.2)

The roughness scale is generally assumed to be proportional to the rough- n-
ess length of the wind profile, z,, zo-Cék. See also Section (3.3) where it
was seen that for an aerodynamically rough surface h. /z, assumes a value of
about 30 based on the classical experiments by Nikuradse (1932, 1933).
Absorbing this proportionality constant into another one, Kitaigorodskii

obtains
zoz = C¢ | S(0)-exp(-2xc/u,) de (4.3)

The constant C, must be determined experimentally. The most important comments

on this formulation are:

1. Since for deep water the dispersion equation reads Wl = gk, and since the
phase velocity is ¢ = w/k, the exponent in the integrand of Kitaigorods-
kii’s formula is of the order w'. This means that the roughness length is
especially sensitive for the high frequency part of the spectrum.

Geernaert et al. (1986) states that the maximum contributions to the
momentum flux is given by surface waves in the range 20, - 8w, when for
S(-) a Phillips spectrum is chosen. Thus, still according to Geernaert et
al., Kitaigorodskii's model implies a wind stress mechanism that depends
on middle and higher frequency wind waves. Geernaert et al. (1986) suppor-
ted this property by experimental data since they found that the higher
frequency waves dominate the magnitude of the wind stress.

According to Geernaert et al. (1987) Kitaiigorodskii’s model can be seen

as a friction drag approach.

NB. In Geernaerts terminology (1987, 1990) the stress supported by the
long waves (with large directional sensitivity and long adaptation times
for changing wind conditions) is called form drag, whereas the stress

supported by the very short waves (little directional sensitivity and

short adaptation times) is called friction drag.




- 30 -

In the derivation of Eq.(4.3) it was argued that in the frame of reference
moving with the waves a logarithmic wind profile holds of the form:

U(z)-c¢ = u,/x 1ln(z/a) (4.4)

Johnson and Vested (1991) argue that Kitaigorodskii's model cannot be used

when Uy < =c since the left hand side of Eq.(4.4) will become negative.

pl
Therefore they use Kitagorodskii’s model for small wave ages and an
alternative model of Donelan (1990a) near full development of the waves.
Full development of the waves corresponds to wave ages greater than, say,

26. See e.g. Geernaert et al. (1987), and Volkov (1970).

. As seen in (1) Geernaert et al. (1986) have verified that for the
Phillips spectrum the main contribution to momentum surface flux arises
from frequency components in the range 2043-8wy. It is also interesting to
note that the frequency where the integrand is maximal is 0=0.4xg/u,.
For u,=0.7 m/s (U=15 m/s) this gives w=2.2 rad/sec which corresponds to
a frequency of 0.36 Hz. This frequency is still in the range of frequen-
cies that is covered by e.g. the WAM model (0.4-0.42 Hz., see e.g.
Wamdi, 1988) but approaches the high frequency cut-off. So for the
evaluation of Kitaigorodskii’s roughness length use will also have to be
made of the ™% tail that WAM prescribes beyond the high frequency cut-
off.

. Sometimes a simplified form of Kitaigorodskii’'s formula is used,
zg/0 = C.'-exp(-x-cp/u,) (4.5)

(Kitaigorodskii, 1973). In the derivation of this formula it has been
assumed that the spectrum S(w) is concentrated in a narrow band at the

peak frequency w_. Note that the roughness length is then expressed in

o
the wave age cp/u,.

. Geernaert (1990) and SethuRaman (1979) show that substitution of the
Phillips equilibrium spectrum into Kitaigorodskii’'s formulation leads to

an expression of z; that is proportional to Luz/g, 1.8,
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zy = aul/g (4.6)

This corresponds to the ‘classical’ formulation given by Charnock

(1955), see Section 4.2.1.

6. Kitaigorodskii’s formula suggests an additive effect of the individual
waves on the (squared) roughness length. From a physical viewpoint this
is questionable since shear stresses rather than roughness lengths can

| be superimposed. Given the fact that Kitaigorodskii assumes that the
waves are statistically independent his z; must be interpreted in a root

mean square sense (wave ensemble average).

4.1.2 Byrne (1982)

According to Geernaert et al. (1986, 1990), Byrne (1982) derived a rough-
ness length z, expressed in the integrated slope spectrum. Byrne assumes
the roughness length to be proportional to the sum of the products of the
roughness element height and roughness element slope. For the roughness

element height the wave height is taken. Thus,
zg ~ Y (wave height)(wave slope) (4.7)
Then,
(i) setting the wave height proportional to the amplitude,
(ii) taking the ratio of wave height and wave length as a measure for the

slope, i.e. wave slope ~ h/A,

(iii) using the relation
A = 2ng/w? (4.8)
(iv) integrating over all contributing waves,

Byrne arrives at:

zg = G [ 0% S(w) do (4.9)
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The coefficient C; is a parameter to be determined experimentally.

Byrne has shown that by substituting the Phillips spectrum in his roughness
length formulation, with the lower frequency limit o, approximated as
g/25u,, the model reduces to a form

zg = Cgu2/8 (4.10)

which is again consistent with Charnock’s formulation (see Eq.4.6).

Geernaert (1990) explains that Byrne’s model physically depends on only
information in a narrow spectral region around the peak in the equilibrium
range. Based on this, Byrne’s model may be considered to be a form drag
approach, and information on the slope and density of short waves will have

insignificant influence on the prediction of the roughness length.




= 33 =

4.2 ROUGHNESS LENGTH EXPRESSED IN WAVE SPECTRUM PARAMETERS

Whereas in Section (4.1) the determination of the roughness length z,
involved the integration of the complete spectrum S(w), in this section
alternative formulations will be summarized that use 'simple’ shape

parameters of the spectrum.

4.2.1 Charnock’s formula

Charnock'’s formula (Charnock, 1955) is one of the earliest formulations of

the surface roughness. It reads
z, = @ w?/g (4.11)

Note that this equation does not contain any wave-dependent parameter.
Nevertheless this formulation is mentioned since it forms the basis of many

alternative C,-expressions that do explicitly depend on wave-parameters.

Charnock derived Eq.(4.11) on the basis of a dimension analysis. He assumed

the roughness length to be proportional to the shear stress.

It is also possible to derive this equation in a direct way. This 18 e.g.
shown by SethuRaman (1979). He substitutes the equilibrium wave spectrum of
Phillips, see Eq.(3.18), into Kitaigorodskii’'s formula and obtains the
rdesired’ result. In Section 4.1.2 it was seen that Byrne's model too leads

to Charnock’s formula when a Phillips spectrum is assumed.

Charnock’s formula represents the surface roughness near full development
when most of the stress is supported by short gravity waves (Donelan

1990a).

Charnock’s equation does not contain any wave parameters and the question

may arise how it is related to the pure-wind-speed-drag-formulations. This

problem is easily solved since from Eq.(3.17),

Cq = U2/U,2 = x2 [In(z,/zy) ]2 (4.12)
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Substitution of the roughness length z, according to Eq.(4.11) leads to the

following relation between Cy and U:
Cy = x? [1n(gz,/aC U,2) ]2 (4.13)

For a further discussion see also Geernaert et al. (1987) and Geernaert
(1990) who argue that this equation must be solved iteratively (given the
wind speed and height h the drag coefficient C; must be derived). The form
of this equation shows an increasing dependence of C, on wind speed.

So it is seen that Charnock’s formula corresponds to a ‘classical’ Cy-Up
approach in which the Cy4-U, relation is straightforwardly parameterized. For
examples see Smith and Banke (1975), Smith (1980), Garratt (1977), Large
and Pond (1981) and Wu (1969).

To recognize the connection of Charnock’s roughness length formulation with
those in the next sections Charnock’s formula is written in the following

form
Zy = @ wl/g (cp/u,)n , n=0 (4.14)

In the literature many values have been proposed for e. For instance 0.0185
(Wu, 1980), 0.0192 (Geernaert et al., 1986), 0.0144 (Garratt, 1977) and
0.035 (Kitaigorodskii and Volkov, 1965). This variety is believed to be due
to different sea states in all these cases and since Charnock’s relation
does not include the sea state explicitly this 'missing’ is 'compensated’

by different values of Charnock’'s 'constant’ «.

Only if the sea state is (nearly) in equilibrium with the wind Charnock’s
equation may be applied. In that case Eq.(4.13) supports the application of
a purely wind speed dependent formulation of the drag coefficient. Then, to

find Cy either Eq.(4.13) may be used, or C4(Up) must be determined by the

commonly used regression techniques.
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4.2.2 Geernaert et al. (1987)

Geernaert et al. (1987) deals with the wind stress coefficient during storm

conditions over the North Sea. This presentation is of special interest

since

it uses measurements in order to test and evaluate Cq formulations.

Summarizing, the most important aspects or remarks that are made in this

paper are:

(1)

(ii)

(iii)

The measurements were obtained during a two week experiment in decem-
ber 1985 and were conducted on a North Sea platform (FPN-data set) in
the German Bight. From these measurements the wind stress could be
evaluated over a large range of wind speeds, including severe storm
conditions. To calculate the shear stress t (and hence u,), the
definition of the Reynold’'s stresses, t= -p[<u’w’'>i + <v'w’'>j] is
used (the eddy-correlation technique). The brackets <:> stand for
temporal averaging. The drag t is thus found via the covariance of
horizontal and vertical wind speeds.

Geernaert et al. note that many authors argue that the drag coeffi-
cient must depend on the stage of wave development and that it is
common to introduce the ratio cp/u. (= wave age) as a parameter to
describe the wave influence on the drag coefficient. Therefore they
have plotted the (North Sea) drag coefficient against the wave age.
The trend is a rapidly increasing C; as function of lower wave age
values, and a slow, gradual decrease for the higher values of the
wave age (i.e. as the wave state approaches equilibrium). The scatter
in this diagram is much wider for smaller values of the wave age
(less than 25) than for the larger values of cp/u, (greater than 30).
In C; terms the scatter is thus larger at its lower values. These
results are illustrated by Figures 4.1 and 4.2.

Geernaert et al. remark that for steady state seas the parameter cp/u.
has a typical magnitude of the order 25-30; this magnitude is excee-
ded for decaying seas and swell conditions.

On the basis of a Cd-cp/u.. scatter plot a best fit relation was

formulated according to the following power law:

Cq = A (cy/u.)® (4.15)




(iv)
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The parameters A and B were found to be 0.0119 and -0.661 respecti-
vely. Restriction of this fit to the range of wave conditions where
swell is minimized (cp/u, < 40) leads to A=0.0148 and B=-0.738.

NB. In this approach the drag coefficient Cy is made directly depend-
ent on the state of wave development, in contrast to the parameteri-

zations of the roughness length z, that are more often proposed.

It was verified whether or not the wave-age dependent formulation of
C4 (as prescribed by Eq.(4.15)) provides a better description for the
surface drag than the ’classical’ approach that expresses C4 in
(only) the wind speed. Therefore a fit was carried out on a formula-
tion of Cd as a (linear) function of the wind speed. It is seen that
the scatter of the data points in the C,-U,, plot is much more pro-
nounced than the scatter in the Cd-cp/u, plot. Thus, the drag coeffi-
cient correlates better with wave age than with wind speed. This
leads to the conclusion that a description of the drag on the basis
of wave age is potentially better than a description on the basis of

simple wind dependence.

The formula Eq.(4.15) was also validated on a different data set
namely the MARSEN (Marine Remote Sensing) set described in Geernaert
et al. (1986). It turns out that the power law equation (4.15) again
holds, and moreover, the Cj-cg/u. data points of the MARSEN set can be
represented well by the A=0.012 and B = - 0.66 found for the FPN data

set.

Whereas the FPN data were collected in relatively deep water (30 m)

the MARSEN data were collected over much more shallow water (15 m).
On the basis of Eq.(4.15) and the dispersion relation

w? = gk tanh(kD) (4.16)

the magnitude of Cy as function of the wind speed is predicted for
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some depths. Although not mentioned by the author we presume that in

this calculation the relation

Cq = (ua/Uyg)? (4.17)

has been used as well: Eq.(4.15) and Eq.(4.17) can be used to elimin-
ate the friction velocity and obtain a C; formulation expressed in U

d c..
an P

Cy't® = A (c /Uyp)" (4.18)

From Eq. (4.16) and the relation o = kc it follows that the phase
velocity increases with the depth. Since P is negative we have that
for given wind speed the drag coefficient is larger for shallow water

than for deeper water.

4.2.3 Hsu (1974)

Hsu considers the formulation of a dynamic roughness equation that includes
major wind and wave interaction parameters (wind shear, velocity, wave
height and phase velocity). He starts with Charnock's hypothesis Eq.(4.11).
He argues that for ‘the Charnock constant’ e a wide range of wvalues have
been found by different investigators. The constant a will therefore not be
a true constant but will exhibit variations dependent on the characteris-
tics of the wave field. So his purpose is to propose an explicit relation-
ship between the dynamic roughness and wind/wave parameters. His paper then

evolves along the following lines:

(i) On the basis of suggestions in the literature the idea is that wave
steepness is an important parameter for the roughness length z;.
Manton (1971) theorized that z; ~ Hp/l.p where Hp and lp are the wave
height and wave length of the dominant wave respectively. It is then
reasonable to extend Charnock’s relation and let it depend on the

wave steepness parameter Hp/lp. Therefore, it is suggested from dimen-

sional considerations that




(ii)

(iii) In order to check this suggested roughness length formulation the

(iv)

Sag .

e (4.19)

Because (for deep water) the phase velocity c, is proportional to

(gi.p/21:)"ll this equation can also be written as

*

a H
2 e (4.20)

8 o
2n (e /u)?

Here a* is still an unknown value.

values of E and Hp/(cp/u,,)2 were determined from 19 sets of available
field and laboratory data. A scatter-plot of these values showed an
excellent linear dependence. From the slope of the fitted line it was

concluded that a"=1.

Hsu emphasizes that his approach is valid only where neutral atmosp-
heric stability conditions exist. In that case a logarithmic wind
profile can be assumed for the calculation of z, and/or u,. He is then
able to derive a prescription to calculate u, from wind and wave

parameters. The approach is as follows.
Combination of a logaritmic wind profile

U(z) = w./x 1n(z/zj)

and Hsu's law for the roughness length (Eq.4.20) leads to the follo-

wing key result of that paper:

2nz

Hp/c2

= uexp(xU,/u,) (4.21)

Hsu has constructed a nomogram for solving this equation. Here

solving must be understood in the sense that after determination

(from field experiments) of wave height Hp, wave period Tp, and wind




790 -

speed U, at height z, the value of u, must be found.

Note. C, then follows from (UL./UZ)z and is thus a function of wind and
wave parameters,

As the sea state evolves the phase velocity c_  develops towards

P
saturation (wind speed independent) and the Charnock form will appear

as an asymtotic limit.

4.2.4 Masuda and Kusaba (1987)

Masuda and Kusaba present an extensive discussion on the dependence of the
roughness length z, on wind and wave parameters. This is done for neutral
conditions and local equilibrium between wind and waves. They argue that in
this case four physical quantities, which represent wind and wind-waves,
are of interest. These four parameters are the friction velocity u,,
acceleration of gravity g, the total power E (also called energy density)
of the surface displacement (i.e. the wave field) and the radian frequency
© of the dominant wave. It is supposed that additional material constants
(such as e.g. densities of water and air, and molecular quantities such as
kinematic viscosities and surface tension) either do not enter in the gross
relationship, can be disregarded, or are absorbed into other quantities (as
shear stress or power density). Of these four parameters two independent

non-dimensional quantities can be composed: Eup"/g2 and opu,/g.

The authors argue that the first parameter, Empﬂ/gz, is chosen such that it
consists of quantities concerning water waves. It represents the wave
nonlinearity (slope of the dominant waves) since it is the squared wave
steepness. The second parameter, wﬁg/g, coincides with the inverse of the
wave age. In the authors opinion it measures the wind effect relative to

water waves.

When the roughness length is considered a further simplification 1is
inserted namely that the wave steepness parameter Emp‘/g2 is a function of
the wave age. They claim that this is a consequence of the assumption of

local equilibrium. Finally, this leads to the following expression for the

roughness length z;:
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8Zg/w’ = £(0,u./8) (4.22)

Some more or less special cases are considered for the form of the function

b f o

In a brief review of the forms encountered in the literature they

mention the following:

(1)

(ii)

¢(11i1)

(iv)

Charnock’s formula

The function f(-) is a constant. This means that the roughness length
z, does not depend on (as they call it) the large scales of waves or
the dominant frequency Op-

Toba's (1979) formula

Toba (1979) and Toba and Koga (1986) have proposed that zo~u,/mp. This
leads to a function f(-) of the form f(x)-xq.

If it is supposed that z, is completely determined by the wave field

only and does not depend on the shear stress velocity u, we have

gzo/ua’ = (0u/B) 2 = z5 = g/ef (4.23)

This formulation of the roughness length corresponds to a function
f(x)-x'z. The authors remark that this expression for z, corresponds
to the wave height of the steep breaking wave at the peak frequency
0p; observations do however not support this formula.

On the basis of wave height-frequency relations other forms can be
derived for the scaled roughness length gzo/u,z. The idea is to assume
Zg proportional to the wave height JE. To find an expression for E
two cases are considered: the Phillips spectrum and a form of wave
spectrum that has been proposed by Toba (on the basis of "the 3/2-

power law""),

*NB. The "3/2 power law" was proposed by Toba (1972) for growing wind

waves and was expressed as

H* = BT"32, B=0.062 (4.24a)

Eq.(4.24a) gives the non-dimensional form of Toba’'s law. The non-

dimensional wave height H* is defined by H.':—gl-ls/u,.2 and the non-dimen-




(v)

=il #
sional significant wave period T" is defined by T':-gTs/u... In dimen-
sional form the equivalent of Eq.(4.24a) reads:

H, = B(gu.)'f!:[‘SSIZ (4.24b)

This power law was originally proposed after examination of empirical
formulas for the growth of wind waves by Wilson (1965) and experimen-

tal data by Toba (1961). For a review see Toba et al. (1990).
Since T" = 2xc/u,, Eq.(4.24a) may alternatively be written as
H = B’ (c /u,)>/? (4.24¢)

Using Toba's 3/2 power law it can be seen that the expression Emp"/g2
(which Masuda and Kusaba define as an index of wave nonlinearity
since it is the squared wave steepness) is linearly related to the

wave age:

Bo,'/g? ~ Hl,/g? = 8°B? (U0 /8) = Eoy'/g’ = B (woy/8) =
B*(c/u)”!  (4.24d)

For the Phillips spectrum, S(v)~gle™>, whereas Toba's spectrum is of
the form S(w)~gu,e™®. The energy density E follows from integration of
these spectra and since z, is proposed to be proportional to the
square root of E this leads to the following expressions for the

dimensionless roughness length:
gzo/u.z = (t.sp‘-lw/g)'2 for Phillips' spectrum (4.25)

and

gzo/u.z - (f.:pu..,/g)'z"2 for Toba's spectrum (4.26)
This corresponds to functions f(-) of the form f(x)-x'2 and f(x)=x"3/2,
respectively.

An approach based on Brutstaert and Toba (1986), using a complex
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formulation for gzo/u,Z that involves the wave steepness as well as a
dispersion relation for k and o, leads for the Phillips spectrum
again to a form f(x)~x'z. For Toba's spectrum a function £(-) of the

form f£(x)~x"%28 is found.

(vi) In Hsu (1974) the wave steepness plays an important role. In this

case
gzo/w? ~ (Eot/gd)* ~ (opu/g)* ~ (u/c))” (4.27)

Summarizing these approaches the authors conclude that all proposed

expressions are characterized by an exponent e that occurs in the relation:

gzo/u’ ~ (0,u/8)¢ ~ (cp/w)™ (4.28)

So the (dimensionless) roughness length is a power function of the wave age
with exponent -e. For € the values (-2, -3/2, -1, -0.8, 0, %) were proposed

in the literature, see above.

We note that Geernaert et al. (1987, section 4.2.2) has proposed a very
similar formula, though for the drag coefficient C; instead of the rough-

ness length as in the present case:
Cg = 0.012 (cy/u,) &7 (4.29)

Despite Geernaert's more direct approach for the parameterization of the

drag coefficient, all approaches are unanimous in their use of the wave age

as relevant parameter.

Masuda and Kusaba decide to verify the preceding power-relation of roughn-
ess length and (inverse) wave age for experimental data that they obtained
from flume experiments in what they call ’'a preliminary experiment of the
Oceanographic Research Project "Measurements and simulations of ocean

environment"’.

On the basis of a doubly logarithmic plot of the dimensionless roughness

length gzo/u,2 versus the inverse of wave they suggest a 'mew’ formula
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8Zo/We = 0.0129(opu./g)1'1° - 0.0129(cp/u,.)'1'1° (4.30)

So the exponent in the power-law-presciption of the dimensionless roughness
length as function of the wave age takes the value € = 1.10. For comparison
they have also plotted Charnock’s formula and Toba’s formula. It is
observed that the new formulation provides a better description of the data

samples than Charnock’s and Toba's formulas.

NB. We feel the need to remark that the range of the data is very limited:
only wave ages in the range of 1 to 3 are present. Moreover 4 data samples
out of 20 were not recovered by the fit. (The authors comment that these
samples ’'correspond to the case of the lowest reference wind velocity U=2.5
m/s when wind waves grow rather anomalously with much lower levels of
energy and with much higher frequencies. That is, these data do not satisfy

the basic condition of local equilibrium.’)

The authors observe that their (scaled) roughness length is smaller than
the one's of Charnock (see (i) with constant e chosen as 0.0185) and Toba
(see (ii)). Moreover, they find an increasing roughness length with
decreasing wave age (whereas Toba finds the roughness to increase with wave
age). Still, they conclude that the wave age is a key parameter in the
formulation of the roughness length z;. (NB: This is questionable, since

the sign of its exponent € varies between -*% and +2).

A plot (on a doubly logarithmic scale) of the wave steepness versus the

(inverse) wave age has been composed as well. A very acceptable fit is

found and this leads to the folllowing suggestion of their dependence:
Eup"/gz - 0.0523(upu./g)‘-°2 (4.31)
This agrees very well with the 3/2 power law of Toba, see Eq.(4.24d).

Finally, Masuda and Kusaba once more emphasize that the present frame work

assumes a complete local equilibrium of winds and wind-waves. If the

spectrum does not have a single peak the approach will not be usable since
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in that case other detailed meachanisms must be included.

4.2.5 Maat et al. (1991)

The approach followed by Maat et al. (1991) is very similar to the one
followed by Masuda and Kusaba (1987). Again a 'new’ roughness equation is
proposed and the formulation is calibrated/verified on the basis of field
data obtained during HEXMAX/1986. HEXMAX (the HEXos MAin eXperiment where
HEX0S stands for Humidity EXchange Over the Sea) was a comprehensive field
experiment carried out in the fall of 1986 on and around a platform 9 km

off the Dutch coast).

As in Masuda and Kusaba (1987) the dependence of the roughness length on
combinations of wave and wind parameters is investigated. It is argued that
many of these quantities are interrelated and after eliminating dependent
wind/wave parameters only g, Zg, Us, (wind parameters) and p (the phase

velocity of the dominant wave) remain. The general hypothesis is then

Zgei= BZo/Us’ = Flcp/u,) (4.32)

It is recognized that this formula generalizes the expressions of Charnock
(1955), Toba and Koga (1986) and Hsu (1974). In their expressions F(-) is
an exponential function of the wave age with exponent 0, 1, and -* respec-

tively. Therefore the authors want to apply the general formula

Zgw=p(cp/u)" (4.33)
(u is taken as a constant) to the HEXMAX data. After checking the relati-
onship of some of the wind and wave parameters (e.g. Toba's 3/2-power law,
i.e. the wave height is proportional to the 3/2 power of the period of the
peak wave, see Eq.(4.24)) they propose the following values for the parame-
ters: wu=0.8 and n=--1.00. This is clearly outside the above range n = -% to
n = 1. It corresponds surprisingly well with the results of Masuda and
Kusaba. However, the parameter u is significantly different in both approa-
ches. It is thought that this is due to the origin of the data. Masuda and

Kusaba use data from laboratory experiments and u, was obtained from wind
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profile measurements at very low levels above the flume waves leading to an

underestimation of wu,.

Whereas for the data of Masuda and Kusaba the range of the wave age varies
from 1 to 3 this range is 7 to 45 in the investigation of Maat et al. As in
the case of Masuda and Kusaba, the proposed roughness equation performs

best for those data samples associated with single-peaked-wave-spectra.

On the basis of Eq.(4.32), a logarithmic wind profile (neutral conditioms),
and the definition Ciququ (where h will in general be 10 m) the following

implicit expression for C; can be derived:

U 2 C n/2-1

h
— (cp/Uh)n =

gh W

exp(-x/l Cy) (4.34)

In this expression G4 depends on one wind parameter (wind speed U,) and one
wave parameter, namely the phase velocity of the peak wave. The authors
argue that this expression reveals an enhanced drag coefficient over
younger wind seas only if n is negative. The property of an enhanced wind
drag for younger waves is supported elsewhere; the authors refer to Donelan

(1982), Geernaert et al. (1987) and Janssen (1989).

Apart from the consistence of n=-1 with the formula of Masuda and Kusaba
the consistence with a result by Donelan (1990a) is demonstrated. Donelan
(1990a) made a fit between zo/o (0 being the RMS wave height) and found
that zo/u = 1.84(cwhh)'z52, see Section (4.2.6). The consistence of this

result with the formulation of Maat et al. can be seen as follows.

zg/Hy = zgau.?/gH (4.35a)
= Bz (u,/8T )32 = B (28) 3220, (c /u,) 32 - (4.35b)
- pB-ll(Qﬂ)-s/z(Cp/U*)n-s/z (4.35¢)

Note: In this verification Maat et al. use the significant wave height Hg

instead of the RMS wave height o.
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In this formula manipulation Toba's 3/2-power law (Eq.4.24b) was used in
the transition from (4.35a) to (4.35b) and the formula of Maat’s et al. in
the transition of (4.35b) to (4.35c). Since n=-1. the exponent n-3/2 equals
-2.5 which compares well with the -2.52 proposed by Donelan (1990a).

4.2.6 Donelan (1990a)

In his paper Donelan gives a broad review of aspects dealing with air-sea
interaction. He deals both with the physical mechanisms that play a role in
the exchange of momentum between the atmosphere and the water body, and, in
a separate paragraph, with the parameterization of the surface roughness.

This summary focuses on the last item.

According to Donelan, one of the first formulations for the sea roughness
length was offered in Deacon and Webb (1962). These authors suggest that
the roughness of the sea surface may be parameterized solely using u,, v
(the kinematic viscosity of air) and g. Of these parameters only the first
will be important; the second varies moderately over typical extremes of

atmospheric temperatures, and g is a constant. This leads to

zg = 0.11v/u, for smooth flow (4.36)
zg = 0.014u,?/g for rough flow

The meaning of ’smooth’ and ’'rough’ has been considered in Section (3.3).
Here we recall that smooth flow is associated with flow where the surface
roughness elements (i.e. the waves) are within the viscous sublayer whereas
for rough flow their size exceeds the thickness of the viscous sublayer.
Since the viscous sublayer is of the order of millimeters any flow must in

practice be termed rough.

The basic form for the roughness length is Charnock’s formula. Donelan
notes that other parameters besides u, and g are important for the formula-

tion of the roughness length.

Apart from (4.36) other roughness length formulations proposed in the

literature are considered, e.g. the approach of Kitaigorodskii and Volkov
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(1965). They use the complete wave spectrum S(k) in their formulation:
zg2 = C2 | S(k)-exp(-2xe(k)/u,) dk (4.37)

(see Section 4.1.1). Donelan mentions that this approach includes the
mobility of the roughness elements (the waves are viewed in a frame of
reference moving with the phase speed) but does not account for effects of
varying steepness across the spectrum. Moreover the spectrum must be known
to quite high wave numbers k. Therefore, often a more simple and compact
version of this formula is proposed that involves only the peak of the
spectrum (Kitaigorodskii, 1973):

zg = 0.3-a-exp(-xcp/u,) (4.38)

(see Section 4.1.1). Here o is the standard deviation of the surface
elevation. Note that ’‘once more’ a formula is found that expresses roughn-
ess length in terms of wave age. In this expression no additional effect of
wave steepness on 2z, is included, perhaps, as Donelan notes, because

steepness and wave age are quite well correlated.

On the basis of his measurements and data obtained from elsewhere, Donelan
has verified a result by Kitaigorodskii that for fully rough flow the
roughness length is proportional to the root mean square wave height. In
this verification several sets of data were used, both for laboratory and
for field circumstances. It appeared that the roughness length and wave
height are proportional (zy~0) and the constant of proportionality varies
over several orders of magnitude depending on wave age. In three logar-
ithmic plots of z,/e vs. Ux/cp [where U, stands either for (i) the wind
velocity at 10 meter above the mean surface, or (ii) the wind velocity at
half a wavelength above the mean surface, or (iii) the friction velocity
u,] a linear dependence between these two quantities was shown. It appeared
that in the scatter-plots the set of field data on the one hand and the
laboratory data on the other were more or less separated into two disjunct
clusters. Donelan argues that this is probably due to the use of the wind

speed referred to 10 meter which has no relevance for laboratory work.

On the basis of the zy/0 vs. U,/c, plots the following simple regression
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formula was then proposed to parameterize the sea surface roughness for

fully rough flows:

Zy .
— = A (U/c,) (4.39)
a

For both the field and laboratory data alternative (iii), i.e. U, = u,,

yields the best fit. So,

zg .
— = A (w/cp) (4.40)
[+]

The parameters are A=1.84, B=2.53 (field) and A=0.205, B=2.18 (laboratory).
In the zo-u,/cp plots also Hsu's formulation (overall steepness o/ is the
appropriate parameter and is used to modify the constant a in Charnock’s
relation) and Kitaigorodskii’s simplified formula (Eq.(4.38)) were conside-
red. Hsu's formulation agrees well with the data although the slope of its
curve is somewhat smaller than suggested by the data. Kitaigorodskii's
simplified formula behaves well for wave ages less than, say, 12 but
considerably under-estimates the roughness length for the larger wave ages,
i.e. near full development. Donelan states that Kitaigorodskii's original
formulation will more correctly represent the over the entire spectrum
distributed contribution to roughness, but few experiments yield sufficient

data to compute the integral across the spectrum.

Finally Donelan formulates some general comments on air/sea interaction. We

summarize them pointwise.

1. Donelan mentions that several attempts have been made to integrate
laboratory and field data/experiments. Problems that are encountered
are the fundamental differences in the flow (e.g. the existence of
side walls and return flows in laboratory experiments) and substan-
tial differences in the scaling properties of the field and labora-
tory data. As an illustration it is remarked that in laboratory
circumstances the steepness of the surface elevation frequently
approaches the limiting steepness of Stokes’ waves. A close packing

of these steep waves may reduce their effective height as roughness

elements,
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Nevertheless laboratory data remain an important means to understand
the underlying physics since the range of the governing variables can
be extended, controlled, and the sampling variability can be reduced
to 'any’ desired level.

With regard to the part of the wave spectrum that dominates the
roughness length it is argued that as the wave field evolves the
spectrum will shift towards the longer wave length components. Due to
the dispersion relation cz-g/k these components travel faster and
therefore interact less with the wind. So for full development, and
<, of the order of 30u,, the burden of the supporting stress is borne
by the relatively short waves (short with respect to the energy
containing waves).

Stronger forcing (U/cp >> 1) has the effect that both the short waves
and the waves near the peak will contribute to the roughness. This is
due to the fact that on the one hand the wave numbers contributing to
the roughness approach the peak frequency, and, on the other hand,
the steepness of the energy containing waves will steadily grow. For
sufficiently strong forcing these contributions overlap and the
stress is probably supported largely by the energy containing waves.
This idea is supported by laboratory experiments: for very young wind
generated waves, the principal cause of changes of zy/0 arises from
changes in the steepness of the energy containing waves. At the other
end of the development scale, variations in zy/¢ arise from the
changes in the short wave spectrum through which most of the stress
is transferred. The young wave fields that are in between include
both of these effects.

Donelan concludes that in spite of progress in understanding the
mechanisms of wind-wave-generation we are yet not able to deduce the
surface roughness from the momentum transfer between wind and waves.
The principal problem is that the momentum transfer is distributed
over the entire spectrum (see Kitaigorodskii’s formula) and our
knowledge of the wave number spectrum of the short waves is rather
rudimentary. He states that for aerodynamically smooth and fully
rough conditions the sea roughness may be described by Eq.(4.36) and
Eq.(4.40), respectively. The transitional regime between smooth and
rough flow must, for the moment, be described by matching the smooth

and rough regimes.
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NB: Such a hybrid procedure is put into practice by Johnson and
Vested (1991), see Section 4.2.9.

4.2.7 Geernaert et al. (1986)

Geernaert et al. (1986) analyzes data obtained in the German Bight during
the MARSEN (MAritime REmote SENsing)-experiment. These data were collected
during the last quarter of 1979 and are used to identify the relationship
between wind stress and surface waves. For this purpose six models proposed

in the literature are examined.

First the dependence of Cj on U,-Ug (h=10 m.) is examined. A linear least
squares analysis was performed yielding the relation 103Cd = 0.1168(U,-Uy) +
0.1967. The formula was compared with the results of past investigations
(among others Smith and Banke, 1975). It was seen that the results of the
various investigators showed little variation at the lower wind speeds.
Increasing wind speeds result in diverging magnitudes of Cy. Considering
the various C4 values for a given windspeed (at the high end range, say
larger than 10 m/s), the authors argue that the lower C; values appear to
be representative for open ocean conditions, while higher Cj magnitudes are
associated with closed basins, lakes, shallow seas or estuaries. So, during
high wind speeds shallow and fetch limited water bodies are associated with

rougher seas and higher drag coefficients than the deep ocean.

In the paper the measured momentum fluxes and sea surface wave spectra were

confronted with six models. This was done by comparison of the drag

coefficient as predicted by the model and the drag coefficient that was

derived from the field data. Two aspects need mentioning:

(1) The results of the models were compared with the model’s constants/pa-
rameters using the values suggested by the authors.

(2) In order to make an optimal prediction of the wind stress, the adjust-
able parameters of each model were optimized by minimizing the scatter
between measured and modeled drag coefficients (least mean square

difference). That way the effectiviness of each model could be examined

for the MARSEN-North-Sea-data set.




The six models, together with Geernaert's comments on their 'mature’, are:

[
1. Byrne'’s model, see Section (4.1.2), Eq.(4.9). In this model the roughn-
ess length is expressed in the form of an integrated slope spectrum.
The composed integral is governed by a power law -3 (if a Phillips
spectrum is used). According to Geernaert et al., this model physically
depends only on information in a narrow spectral region around the peak
of the equilibrium range; it is unaffected by variations in the higher
frequency waves (such as surface tension effects) and can therefore be

considered to represent rather the form drag over the long gravity

waves than the frictional drag from the short waves.

2. Kitaigorodskii’s model, see Section (4.1.1), Eq.(4.3). This approach
utilizes an exponentially weighed integral. According to Geernaert et
al., the maximum contributions to the momentum flux are supplied by the
frequencies around 4w, if a Phillips spectrum is used. For wind speeds
in the range of 10-15 m/s the model is largely dominated by surface
waves within the frequency range 20,-80,. Kitaigorodskii’s model implies
a friction mechanism for momentum transfer rather than a low frequency

form drag mechanism.

3. Charnock’s model. See Section (4.2.1). This model accounts for a growth
of the roughness elements with the wind stress, but no specific infor-

mation concerning spectral energies is used.

4. Heu's model. See Section 4.2.3 and Eqs.(4.19-4.21). This model forms an
extension of Charnock’s since via Charnock’s-’constant’ a the steepness

of the primary local wind wave is included. Hsu proposed:

gzo/u,.z - Hp/lp = a*/2u Hp(cp/u,)'z (4.41)

See Eq. (4.20).

In Geernaert’s approach the height Hp in Hsu’'s formula is approximated

from field data by an alternative height H according to the following

formula
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oo

H= 2 ([ S(e)de )* (4.42)

%

According to Geernaert Hsu's model is an example of a low-frequency

form drag mechanism.

The fifth model is an extension of Hsu's model. Hsu (1974) (see Section
4.2.3) modified Charnock’s equation by letting Charnock’s constant

depend on wave parameters.

Instead of the wave height Hp, Kitaigorodskii’s "middle frequency
weighted spectral characteristic height" is now employed as the verti-

cal scale. Thus for Hj the following expression is used:

H, = [ JS(w)exp(-2xc/u,)de ]* (4.43)
0

This leads to the following modified Hsu-Kitaigorodskii’s formula:

zg = Cuy (co/u..)'2 [ [ S(w)-exp(-2xc/u,)de 1% (4.44)
0

This formula incorporates the effect of the high-frequency frictional

drag in Kitaigorodskii's model with a drag modulation due to wave age.

The sixth model is the one of Donelan (1982). Donelan proposed that the
drag is composed of two additive components, one drag coefficient
representing contributions from the lower frequency waves and the other
contributing from the higher frequency waves. The lower frequency
component involved integration of the wave energy density spectrum
between the frequencies 0 and Zup whereas the higher frequency compo-
nent was calculated by integrating between 20P and «. These coeffi-
cients were further adjusted by a factor based on the difference
between wind speed and phase speed of the wave at the peak in the
equilibrium spectrum. For a further discussion of Donelan’s model see
Section (4.2.8).

Geernaert et al. use slight modifications of the original formulation

by adjusting the low frequency component. This was done to prevent the

drag coefficient C; to become too large due to the presence of large
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swell exceeding the total local wind wave energy.

Donelan’s model considers additive high frequency and low frequency
drag coefficients and suggests a wind stress partition between fric-
tional and form drag. Elaborating these expressions Geernaert found
that that the higher frequency waves dominated the mean magnitude of
the wind stress. The long waves merely gave rise to variations about

the mean.

Application of these formulations to the MARSEN-data-set leads to the
conclusion that Kitaigorodskii’s model performed best as a predictor for
the drag coefficient. The mean squared difference of modelled and measured
Cy was about 14% better than for Charnock's formula. Taking into account
that the data set on which the analysis was performed was statistically
small (53 wave records of wave information with in situ wind stress) it is
concluded that, although Kitaigorodskii’'s model performed better than the

others, none of the models can be said to have failed.

In his review of 1990 Geernaert recalls that Kitaigorodskii’s model seems
to be most useful for the prediction of C,. The author notes however that
this model (just as the other models) is not universal since it cannot
explain swell-induced variations. It is known that swell can have a
significant influence on the wave spectrum. As an example Donelan (1986) is
mentioned who found that swell (travelling with the waves) tends to
decrease the wind-wave energy and similarly decrease u, and thus the drag
coefficient. When swell travels against the waves the opposite will be
true, i.e. the drag coefficient will be increased. When swell propagates at
no preferred direction (e.g. open ocean) a natural variability in the Cj

may exist.

In an other section Geernaert et al. deal with the dependence of the drag
coefficient on the water depth. In their approach the -k dispersion
relation for (shallow water gravity) waves is used as well as the Phillips
spectral distribution of the waves. It is known from the literature that
the Phillips constant P shows variability. An analysis of the variability
of B on the basis of the present data set led to a parameterization of P in

the form of a linear dependence on the radian frequency w and the wave age
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cp/u*:
B(w, c,/u,) = 0.005 + Bo + 1.5 (cp/ua)2 (4.45)

B as a parameter found to be 0.002 s when v is in units of radians.

The Phillips spectrum with this modified B 1is then substituted into
Kitaigorodskii’s formula of the roughness length z,. Since P depends on the
phase velocity, which in its turn depends on the depth, the roughness
length z, is sensitive for the depth. As a consequence also the drag
coefficient is depth dependent. This dependence on depth is absent at lower
wind speeds but will noticeably manifest itself at higher wind speeds. This
approach explains why drag coefficients over deep water (oceans) may
generally be smaller than those observed over shallow lakes and marginal

seas.

4,2.8 Donelan (1982)

Donelan (1982) collected measurements in the western part of Lake Ontario.
The depth at the measurement site is 12 m and fetches range from 1.1 to 300
km. He uses these measurements to verify a model for the drag coefficient
Cq-
The shear stress was calculated on the basis of 20 minute averages of the
covariance <u'w’>. The observed wind speeds U;, are in the range 4 to 17

m/s.

The author’s viewpoint is that the more likely the roughness elements are
to cause flow separation (turbulence), the larger their influence on the

roughness length.

Donelan argues that the roughness length at the air-sea interface is
complicated by the mobility of the roughness elements, i.e. the waves. The
latter forms an important subject in the formulation of his model for the

roughness length.

Before actually proposing and verifying his model Donelan examines his data

with regard to (i) the roughness Reynolds number (see Section 3.3,Eq.3.14),
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(ii) the variation of the roughness length with uw2/g and (iii) the depen-

dence of the drag coefficient on wind speed.

With regard to (i) it is seen that the data show a general trend of
increasing z,/H with the roughness Reynold’s number (H is the mean height
of the waves:; for a narrow spectrum it holds that H-J(Zu)a where o is the
root mean square surface variation). For large values of the roughness
Reynolds number the surface approaches the roughness of a solid sand grain

surface i.e. zy/H approaches a value of 1/30.

To examine the dependence of z, and uw,?/g a scatter diagram was composed
(with both abscissa and coordinate logarithmically scaled). In this diagram
Charnocks formula should be a straight line with slope 1. It turns out that
for high values of U,/c, the data show such a trend, however with a much
higher Charnock parameter (a~0.04) than the one (e&=0.0144) that was found
by Garratt (1977). For the lower values of U/cp the dimensionality argu-
ments that led to Charnock’s relation (open ocean measurements) are clearly

insufficient to describe the process.

Using a scatter plot and linear regression the dependence of the drag
coefficient on wind speed has been examined. While the correlation coeffi-
cient of the regression line is respectable (r=0.72) the scatter in the
(Cy4, U) data samples is considerable and it is clear that a linear depen-
dence does not provide an adequate description of the data. In the Cy-U
plot the datapoints were labeled on the basis of their U/cp value. It turns
out that the samples with (approximately) the same U/cp value are organized
along a curve rather than ‘randomly’ distributed. In this stratification
(of the (Cd,U) data points with respect to U/cp) the high values of U/cp
(4.0-6.0) correspond to higher Cj values.

On the basis of the log(z;) vs. log(u,?/g) plot Donelan argues that Char-
nock’s formula is insufficient to describe the surface roughness. A
modified form of Charnock’'s relation could be considered by assessing the
dependence of Charnock's 'constant’ & on other properties of the interface.
However, according to Donelan, little would be gained in our understanding

of the drag on the water surface. Therefore use must be made of observable

characteristics of the surface to construct a model. This model must
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satisfy the limits of (a) flow over a comparable rough solid surface for

very young waves, and (b) vanishing net form drag for (low frequency) waves

as they approach full development.

For his modelling the following relevant phenomena are taken into conside-

ration:

The roughness elements cause flow separation and this flow separation
influences the roughness length. It is known that flow separation and
wave breaking are closely linked and that wave breaking occurs at the
crests of the (large) waves near the spectral peak (and although
present, less dramatically over the equilibrium range).

The roughness length is generally a small fraction of the wave height,
but it approaches the value corresponding to certain solid boundaries
when the roughness Reynolds parameter is large.

In some circumstances the surface seems to be ultra smooth. The condi-
tion appears to occur in light winds (s 5 m/s). A plausible explanation
for this is that some components of the wave field are travelling
faster than the wind and transfer momentum to the boundary layer. This

momentum transfer results in a wave driven current, i.e. a smoothing

effect.

In Donelans view the effects 2. and 3. are due to the mobility of the

roughness elements, i.e. waves.

In fetch-limited or nonstationary conditions waves near the spectral
peak travel at off-wind angles. On the other hand the shorter waves, in

the equilibrium range, are generally closely aligned with the wind.

On this basis the surface is seen as a collection of travelling roughness

elements and its spectrum is conveniently separated into two parts:

(1)

(2)

the peak, characterized by enhancement (peak enhancement at short fet-
ches, Hasselmann, 1973), white caps and off-wind travel
the equilibrium range, characterized by quasi-saturation, micro-break-

ing" and down-wind travel

*[is defined by Donelan as follows: "mean breaking which is too gentle
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to produce a discernable colour change but in which the fluid just

ahead of the crest advances relative to the crest"]

It is admitted that this criterion for separation of the two types of
roughness elements is somehow arbitrary. Noting that according to Hassel-
mann et al. (1973) the spectrum (above the enhanced peak) undershoots the
equilibrium range before approaching the equilibrium range level near
m-2up, this frequency is chosen as the dividing line between the long and
short wave regions. The component of the roughness associated with the long

waves is then defined by

20

zg, = B [ [ S(e) do ]* (4.46a)
0

Zg, = B [ | S(0) do ]* (4.46b)
26
P

Donelan thus assumes that the sea surface can be represented by two
roughness lengths, one due to the low frequency waves and the second due to

the high frequency waves.

Parameter P is a constant of proportionality and is of the order 0.01 to
0.1. One has however, not yet accounted for the mobility of the surface.
This is done as follows. For an immobile surface (’'the surface frozen at
some instant of time’: or in other words a fixed observer) the total
surface stress would involve the superposition of [C4], and [Cy], where the
low and high frequency drag components [C,] are found by substitution of

the corresponding roughness lengths z, into Cd-{x/ln(zh/zo}z.

However, since both components travel at some appreciable fraction of the

wind speed an adjustment of the drag coefficients must be carried out:

[Cyl, = [E4] - |cosB]|.|Ug-c /cosB]| (Usg-c /cosB) /Uye? (4.47a)

d}l

[cd]h - [Cd]h-(Uw'ch)z/Uwz (4.47b)

In these expressions,
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Cd denotes the equivalent immobile surface drag,
is the angle between the wind and the waves at the central peak;
cos® accounts roughly for the reduction in drag as the waves move
away from the wind direction,
c,,c, are characteristic speeds of the low and high frequency wave
components,

Uyo is the wind speed at 10 meter

Observational evidence (Bretschneider, 1973) indicates that the spectrum
becomes fully developed when U/cp-0.83. At full development the waves near
the peak are less steep and break infrequently. Assuming that under these
conditions the long waves do not contribute to the total drag one may

choose for c: ct-0.83cp-0.83g/up. For consistency ch-0.833/2up.

The model drag coefficient Cg, is defined as the superposition of the
contributions [C4], and [C4],. It is compared with estimates of the hourly
average drag coefficient as derived from the measurements. Parameter B is
used as a calibration coefficient; the best agreement was found for p=1/80

and gave a correlation coefficient 0.79.

A slight modification of the formulation of the model drag coefficient was
applied by taking the sea-state Reynolds number, here defined as R‘-uwa/v,
into account. The idea is that the degree of whitecap coverage increases
with the wind speed and also with the wave height. So, the form drag on the
waves is expected to increase with whitecap coverage (in addition to the
phenomena already modelled). Regression of the ratio of the measured and
modelled dragcoefficient and log(R,) leads to the following modification Ca‘
of the modelled drag coefficient:

Cg = Cy(0.07 + R) (4.48)

The correlation coefficient of the modelled and measured drag coefficient
is then improved to 0.82 (in our view an insignificant improvement compared
with the earlier value of 0.79). In the plot of the measured drag coeffi-
cient versus the modelled drag coefficient there is still a considerable

scatter about the 45° line. Although the model is not a perfect facsimile

of the natural process, it is argued that this could be due almost entirely
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to the observational variability of the measured drag coefficients.

NB. As for practical use, we believe that this article is somewhat dated

and less specific, c.q. relevant than the more recent papers on this topic.

4.2.9 Johnson and Vested (1991)

The idea of the paper of Johnson and Vested (1991) is to construct a hybrid
roughness-length-model that combines the earlier roughness models by
Kitaigorodskii (1973) and Donelan (1990a). The purpose is to obtain a wave
dependent C, formulation whose magnitude is consistent with the one of

Smith and Banke.

In their first 'attempt’, the simplified version of Kitaigorodskii's

formula is used i.e.
zy = 0.3'a-exp(-xcp/u.) (4.49)

Here, o=H /4 with H, the significant wave height. It is noted that the
Kitaiigorodskii model is attractive for its inclusion of the mobility of
the friction elements, i.e. the waves. Given the assumptions made, the
model cannot be used when.Uw/cp <1 (i.e. for waves travelling faster than
the wind). Furthermore, referring to Donelan (1990a) who confronts models
(including the one of Eq.(4.49)) with measurements, it gives small roughn-
ess lengths for small u,/cp. Therefore Kitaigorodskii’s simplified formula,
Eq.(4.49), is used for u*/cp > 0.1 (thus wave ages less than 10). On the
other hand, for tu/c§<0.1 (wave ages greater than 10) Donelan’s formula,
Eq.(4.40) is used, i.e.

zo = 1.84: 0" (u,/c )% (4.50)

Using this roughness model, drag coefficients were calculated and their
realism verified. In this exercise the wave climate (i.e. significant wave
heights and peak frequencies) is determined on the basis of the wave
prediction equations of the U.S. Army C.E. Shore Protection Manual (1984).

The drag coefficients were calculated for several values of water depth and
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two alternatives for the fetch (an unlimited fetch simulating open ocean
conditions, and a fetch of 200 km simulating the measurement site of Smith
and Banke). It was found that the C, values became too large when compared
to the C, according to Smith and Banke. This required an adapted formula-
tion of the hybrid model.

The main considerations leading to the adapted formulation of the model are
(i) Following Kitaigorodskii’s approach, i.e. moving with the dominant wave
speed, one has already accounted for the form drag due to air-flow separa-
tion from the wave form, and (ii) the roughness 'a’ in Kitaigorodskii's

'preliminary’ formula,

U(z)-c 1
= — In(z/a) (4.51)
u, K

refers to the high frequency waves. Johnson and Vested call this "skin
friction". 'High frequency waves’ include all waves with wave number
k>1.5k,. On the basis of this definition the earlier hybrid formulation
(based on Kitaigorodskii, 1973, and Donelan, 1990a) is rewritten into

Zy = ¢kohfexp(-xcp/u,) for u../cp > 0.1 (smaller wave ages) (4.52a)
and

Zg = @40, 1.84° (w/c)?% for w/c, s 0.1 (larger vave ages)  (4.52b)
Here, e, and e, are calibration constants that are determined such that the
(magnitude of the) model’s predicted C; values agrees with the one of Smith
and Banke for the appropriate site conditions. The wave field parameter oy =
H, /4 where H . is a "high frequency significant wave height". In terms of

the wave number spectrum %(-) one finds:

o0
0, = | x(k)dk (4.53)
1.5kp

For the evaluation of o¢,, the Phillips spectrum is assumed. Moreover the w-k
dispersion relation Eq.(4.16) is used so that o,¢ can be derived from the
Phillips constant B, peak frequency Ops acceleration of gravity g, and the

water depth D.




pog™ "

Calibration of the roughness model on the Smith and Banke formula gave
a~1.12 and @,=0.31. These values compare well with the original values 1
and 0.3 that are used in the non-adapted formula’s for the roughness length

(Eqs. 4.50 and 4.49).

So, the adapted model gave a significant improvement of the first hybrid

model.

The adapted formulation was also compared with the analysis presented by
Donelan (1990a) and Geernaert et al. (1987). It is observed that the model
of Johnson and Vested follows the same trend, both quantitatively (same
order of magnitudes of z; and Cy) and qualitatively (decreasing C, for

increasing wave age, and decreasing Cy for increasing water depth).

The roughness model was also applied to compute drag coefficients in a
number of test cases. The test for the North Sea (western wind, 24 m/s)
resulted in lower drag coefficients for the northern part than for the
southern part. This might be due to differences in water depth and fetch
leading to longer waves with smaller form drag contribution in the Northern
part than in the Southern part. The average value of Cy is of the same

order as the one of Smith and Banke (1975).
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5. SUMMARY, CONCLUSIONS AND DISCUSSION

On the basis of the literature survey in Chapter 4 the following main

conclusions can be drawn.

1. In the literature, there is consensus that a description of the sea
surface roughness in terms of the wind speed alone is inadequate and
must include the actual sea state. Therefore wave dependent models for
the drag coefficient C; will be much more realistic than the 'traditio-
nal’ formulas that use only the wind speed (and thus correspond to the

approaches of Smith and Banke, and Charnock).

2. We believe that the preceding conclusion will in particular hold for
the North Sea because its limited fetch and depth do not agree with the
deep open ocean conditions that allow Charnock’s approach. So it is
recommended to equip the CSM-model with one or more wave dependent Cj
formulas and verify their performance for one or more storm conditions.
These wave dependent C -formulation will be proposed in Chapter 6.

In the literature no evidence was found that wave dependent C,-formulas
have been integrated in a 2D, or 3D numerical water flow model, and
were verified on the basis of observations (e.g. water levels). So it
is not apriori clear to what extent a wave dependent G4 will improve
the waterlevels predicted by CSM. We expect however that the RMS
difference between predicted and observed water levels can be signifi-

cantly reduced with regard to the present CSM-model equipped with the
Cq(Uyg) formula.

NB. While finishing this report this expectation has been confirmed by
very recent experiments on wave dependent C -formulations in the CSM
model. These experiments were performed at the KNMI (de Bilt, The
Netherlands) by C. Mastenbroek et al. (1991). In this approach a model
for the shear stress induced by waves (proposed by Janssen, 1990) has
provisionally been coupled to the CSM-model and applied for the condi-
tions of the February 1989 storm. The storm surge predictions (for
Dutch and Brittish stations) are significantly improved with regard to
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the Smith and Banke formula for C,, see Figure (5.1) (courtesy of C.
Mastenbroek). At the moment that the present report was finished these

results were not yet reported.

3. The main suggestions for parameterizing the sea roughness involve two,
more or less complementary aspects in the roughness of the sea surface.
These are form drag arising from the lower frequences, including the
peak of the spectrum, and friction roughness arising from the high
frequencies. In general (e.g. Donelan 1990a, p.267; Geernaert et al.
1986, p.7678) it appears that the magnitude of the stress is dominated

by the higher frequencies. The idea is that the large waves are not

(so) steep, and moreover, travel at speeds that approach or exceed the

wind speed. So the short waves are the main stress receptors.

4. Usually the drag coefficient is modelled for neutral conditions (in
case of stratification appropriate corrections are applied). Most
authors model the surface roughness length z, rather than the drag
coefficient Cq or friction velocity wu,. For neutral conditions the
logarithmic wind profile can be used to express one parameter into

another.

5. Many formulations for (and discussions on) the dependence of the drag
coefficient on wave parameters have been proposed. These formulations
vary from relatively simple expressions (based on empirical 'fit’
approaches and/or considerations involving dimension analysis) to
complicated expressions that involve the complete wave spectrum S(w).

Inbetween are some 'mixed’ or ’'hybrid’ formulations.

5.1. Of the formulations that use the complete spectral density the ex-
pression of Kitaiigorodski seems to be most promising. In verifications
of the surface roughness models Geernaert et al. (1986) found that
Kitaigorodskii’s seems to be most useful in predicting the various
observations of C,. Donelan (1990a, p.263) also expects that Kitaigo-
rodskii’s spectral calculation more correctly represents the distri-
buted contribution of the waves to roughness. However, as Geernaert
(1990, p.150) points out, this model is by no means universal since it

cannot explain swell-induced variations. Both Geernaert (1990) and

N T~
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Donelan (1990a) note that so far the actual distribution of waves
across the spectrum is unknown and so far only the region near the peak

has been explored. Yet understanding and predicting of the evolution of

wind waves and the rate of kinetic energy input to the oceans/sea is of

great importance.

5.2. The ’'simple’ surface roughness models show a great convergence in
their ultimate result: the roughness length is reduced to a function of
only one wave parameter: the wave age. The wave age is defined by the
ratio of the phase velocity of the dominant wave and the friction
velocity. This parameter provides a measure for the stage of develop-
ment of the wave field. The use of only wave age is justified by the
argument that all other possible relevant wave parameters (as wave

height, steepness, fetch, etc.) can be expressed in the wave age.

For all expressions of the roughness length z; into wave age, Char-
nock’s formula forms the basis. It is remarked that (experimental)
estimations of Charnock’s constant a show a great variety and it is
argued that this is due to the absence of wave parameters in Charnock’s
formula. Therefore a« is made dependent on the wave age. Plots of
log(zo) versus 1og(cp/u,) reveal a linear like dependence of these
quantities leading to the proposal of a power relation of these quanti-

ties:
Bzo/w? = w (cy/us)" (5.1)

See e.g. Maat et al. (1990), Masuda and Kusaba (1987). Donelan (1990a)

gives the equivalent form
Zo/0 = A (cp/u,,)" {5.2)

‘ Some of the exponents n (respectively B) can be 'derived’ on theoreti-
cal considerations. We mention n=-% in Hsu’s approach that considers

steepness of the waves as stress receptors.

In all cases but one negative values are proposed for the exponents n
and B. Since the surface roughness is believed to increase with decrea-

sing wave age, positive values for these exponents are highly unlikely.

R N LRI T e L g o
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There seems to be a 'consensus’ for n=-1 (corresponding to B=-2%) in
Eq.(5.1) and (5.2). See Donelan (1990a), Maat et al. (1991), Masuda and
Kusaba (1987). In all these cases this value of the exponent was found
experimentally and under conditions with moderate to high wave ages
(local equilibrium of winds and wind waves). The estimates of the
constant u were less consistent. Probably this was due to the sites
were the data were obtained (laboratory versus field as well as the way
and accuracy with which the necessary wind/wave parameters were recor-
ded). Moreover the different wave-age-ranges that were used for the z,-
cp/u, fits may be of influence. This may imply that parameter u can also

still be dependent on wave age and other wave parameters.

In Chapter 6 wave dependent surface roughness formulas are proposed for

implementation and testing in the CSM-model. It must yet be discussed

how to obtain the required wave information. Two alternatives seem to
be available.

(i ) The wave information is obtained from a wave model, e.g. WAM
or NEDWAM.

(ii) On the basis of waterdepth, fetch and the wind data (U"J as
function of time and the spatial coordinates) wave prediction
equations can be used for the calculation of wave parameters.

See e.g. Shore Protection Manual by US Army Corps of Engineers,
and Hurdle and Stive (1987).

Alternative (ii) is computationally efficient and is easily coupled to
the CSM-model. Note that in this case spectral formulations (e.g.
Kitaigorodskii’s model) cannot be wused since the wave prediction
equations give ’'condensed’ information in the form of significant wave
height and period of the dominant wave. Alternative (i) is computa-
tional much more expensive and can less simply be coupled to the CSM-
model. On the other hand, it has the advantage of producing better
estimates of the true wave parameters than method (ii) will presumably
do.

On the use of the complete wave spectrum one more comment must be made.
One of the C,; formulas that are proposed in Chapter 6 is Kitaigorods-

kii's formula (4.3). For the evaluation of this formula wave spectra
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produced by WAM or NEDWAM can be used. These models resolve the spec-
trum within the frequency band 0.04 to 0.42 Hz. Beyond the high fre-
quency cut-off an f% tail is added (see Komen, 1985). This analytical
continuation may be justified only for (gravity) waves below the
capillary region. Donelan (1991) has shown that the capillary part of
the spectrum is rather wind sensitive and no appropriate description of
the spectrum seems to be available. The capillary region includes waves
whose wave number k exceeds 30 m™'. It can be shown that the capillary
region can be neglected in the calculation of Kitaigorodskii’s roughn-
ess length. This is done as follows. According to Geernaert (1986) the
waves within the frequency range pr-Bwp largely dominate the roughness
length in Kitagorodskii’s model. According to Geernaert (1990) the peak

frequency can be calculated as follows:

o, = (7xg/U) (gx/U)™ = 7x(g?/(X-U))* (5.3)

Given wind velocities Uz3 m/s and fetches X232 km (two times the size
of a CSM grid cell) we have ups2.23 rad/s, or equivalently fpsD.35 Hz.
In the wave number domain the condition 05805-18 corresponds to k<30 m!
which is the lower bound of the capillary region. So WAM and its
analytical continuation beyond 0.42 Hz can be used for Kitaigorodskii's
roughness length formula provided the windvelocity exceeds 3 m/s and

the fetch is larger than 30 km.

The roughness length formulas that are proposed for CSM in Chapter 6
involve one or more adjustable parameters. During implementation and
testing of the roughness length formulations, the following choices are

feasible for these parameters:

7.1 the values proposed in the literature
7.2 the values that optimize the CSM-mode, i.e. lead to maximum
agreement of predicted waterlevels and observed waterlevels (un-

der storm conditions)

Alternative (7.2) involves the calibration of the roughness length
formulas. This calibration must take place on the basis of measured

water levels in storm conditions. In particular a parameter-setting is
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desired that improves the performance of the CSM-model for several
storms simultaneously. This activity refers to the most important goal
of the equipment of the CSM-model with a wave dependent C4-formulation:

the derivation of a 'universal’ surface roughness formulation for the

North Sea.
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6. C,-FORMULATIONS PROPOSED FOR THE CSM-MODEL

Along the lines of the synthesising conclusions and discussion in Chapter 5
three C4-formulations are proposed here for implementation in the CSM16-
model. We list the formulations, starting with the most promising in view

of expected effect and relative ease of implementation:

- Donelan (1990a)
- Johnson and Vested (1991)
- Kitaigorodskii (1973)

6.1 Donelan’s formula
Donelan’s formula for the roughness length reads:
(1) zy = Ao (cp/u.,,)'z's

In the literature study it turned out that the wave age cp/u, is the most
important wave parameter for the description of the dependence of Cy on the
wave field. Both physical considerations, and field and laboratory experi-

ments, lead to the preceding roughness length description.

6.2 Johnson and Vested’'s formula

Johnson and Vested propose the following form for the roughness length:

(i1.1) zy/o = A (cp/u.)'z's , uu/c, < 0.1
(11.2) zo/a - CJv-exp(-xcp/u,) ’ u,/cp > 0.1

This form of the roughness length is a refinement of the one proposed in
(i): Johnson and Vested argue that for small wave ages Kitagorodskii's

(simplified) formula (ii.2) is a better description than the one of Donelan
(1990).
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6.3 Kitaigorodskii’s formula
Kitagorodskii’s roughness length formulation reads:
(iii) z2 = G [ S(0)-exp(-2xc(w)/u,) do
Several roughness length models proposed in the literature were compared by

Geernaert (1986, 1990) who found that Kitaigorodskii'’s model performed the
best as a predictor for the drag coefficient. Therefore Kitaigorodskii'’s

model is recommended for implementation in the CSM-model.

Note 1. Although Charnock’'s formula does not involve wave parameters it is
nevertheless suggested for implementation and testing. Charnock’s

roughness length formula reads:

(iv) zy = e u2/g
Charnock's formula is suggested for the following reasons:

1. The consistency of Charnock’s formula with the ’traditional’ wind

dependent C, formulation can be verified.

2. The optimal value of Charnock’s constant can be determined and com-
pared with it’s values reported in the literature.
3. Charnock’s formulation is a special case of the roughness length
formulation involving the wave age. On the bases of Charnock’s z,
‘ and the one(s) based on wave ages the significance of the dependen-

ce of C, on wave parameters can be verified.

Note 2. For the testing of the proposed C; formulations it is suggested
to compare three series of water levels (or surges) at Dutch and

British stations:

a. Observed waterlevels.
b. Waterlevels (predicted) according to the CSM-model equipped with the
'traditional’ Cd-formulation, i.e. the C4 is a function of solely the
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wind speed U,,.
c. Waterlevels according to the CSM-model equipped with a wave depen-

dent Cg- formulation.

In the past, the C, prescribed by (b) has been calibrated for three
storm conditions: February 1989, November 1981 and January/February
1983. It is thus obvious to test the wave dependent C; formulations

under these conditions.
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Table 1 — Surface layer measurements of Cpy

Source Windspeeds (m/sec) 10°Cpy Scat (%) N [Method] Platform

Geernaert 5-—25 .58 + .085U 20 116 | ec tower

et al (1987) , North Sea
Geernaert 5-—-21 43 + .097U 12 186 | ec mast

et al (1986) North Sea
Graf, 7—-17 1.09 + .094 U — 145 | wp mast

et al (1984) Lake Geneva
Donelan 4 —17 37 + .137U0 28 120 | ec tower

(1982) Lake Ontario
Large & 5—19 46 + .069 U 28 120 | ec tower

Pond (1981) Atlantic
Large & 4—10 1.14 16 590 | diss tower/ship

Pond (1981) 10 — 26 44 + 063U 16 1001 | diss open ocean
Smith 6 —22 .61 + .063 U 25 120 | ec tower

(1980) Atlantic
Krugermeyer 3—8 1.30 30 394 | wp buoy

et al. (1978) North Sea
Khalsa & 3i—-12 1.42 22 12 | diss ship

Businger 81977) open ocean
Smith & Banke 25-121 .63 + .066 U 30 111 | ec mast

(1975) Atlantic
Hedegaard 3—14 .64 + .14 U 30 80 | ec mast

(1975) Kategatt
Kondo 3—16 1.2 + .025U 15 — waves tower

(1975) Pacific coast
Davidson 6—11.5 1.44 7 114 | ec FLIP buoy

(1974) open ocean
Wieringa 45— 15 06U 20 126 | ec tower

(1974) 0.86 + .058 U Lake Flevo
Denman & 4—18 129 + .03U 17 70 | diss ship

Miyake (1973) open ocean
Kitaigorodskii 3—11 091w 1.6 > 29 ‘kee tower

et al (1973) Caspian Sea
Hicks 4—10 0.5 U3 25 75 | ec tower

(1972) Bass Strait
Paulson, et al. 2-8 1.32 25 19 | wp buoy

(1972) open ocean
Sheppard, et al. 25—16 36+ .1U 20 233 | wp tower

(1972) Lough Neagh
DeLeonibus 45— 14 1.14 30 78 | ec Bermuda tower

(1971) Atlantic Ocean
Pond, et al. 4 —8 1.52 20 20 | ec FLIP buoy

(1971) open ocean
Brocks & 3j—13 1.18 + 016 U 15 152 | wp buoy

Krugermeyer (1970) North Sea
Hasse -1 1.21 20 18 | ec buoy

(1970) North Sea
Miyake, et al. 4-—-9 1.09 20 8 | ec UBC site on

(1970) 4—9 1.13 20 8 | wp Spanish Bank
Ruggles 25—-10 1.6+ 50 276 | wp mast

(1970) Buzzards Bay
Hoeber 35—12 123 20 787 | wp buoy

(1969) open ocean
Weiler & 2—10.5 1.31 30 10 | ec UBC mast on

Burling (1967) 2.5—4.5 0.90 75 6 | wp Spanish Bank
Zubkovskii & 3—-9 0.72 + .12U 15 43 | ec buoy

Kravchenko (1967) Black Sea

From Geernaert (1990)




Table 2 — Predicted magnitudes of 10> Cpy
for given windspeeds (m/sec)

Source Windspeed m/sec

(from Table 1) 5 10 15 20 25

Geernaert, etal, | 1.01 | 1.43 | 1.86 | 2.28 | 2.71
(1987)
Geernaert, etal. | 0.92 | 1.40 | 1.89 | 2.37 —
(1986)
Graf, et al. — 205 | 2.50 — —
(1984)
Donelan 1.06 | 1.74 | 2.43 — —
(1982)
Large & Pond 0.81 | 1.15 | 1.50 — —
(1981) (ec)
Large & Pond 1.14 | 1.14 | 1.39 | 1.70 | 2.02
(1981) (diss)

Smith - 1.29 | 1.56 | 1.87 —
(1980)
Smith & Banke 096 | 1.29 | 1.62 | 1.95 —
(1975)
Kondo 1.33 | 1.45 | 1.58 | 1.75 —
(1975)

From Geernaert (1990)
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Distribution of Cpy with windspeed: 1) Large and Pond (1981), over deep open
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(1986) over North Sea depth of 16 m; 6) Sheppard, et al. (1972), over Lough Neagh depth
of 15 m; 7) Donelan (1982) over Lake Ontario at 10 m depth; 8) Graf et al. (1984) over

Lake Geneva at 3 m depth.

Fig.(2.1) (from Geernaert 1990)
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Data are from the North Sea (Geernaert, et al. 1987).
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Fig.(4.2) (from Geernaert 1990)
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