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Abstract

Wind generates waves on the surface of the ocean. Modifications of the sea state influence the
wind profile just above it. The current WAM wave model, Cycle 4, incorporates the coupling
back of the waves to the wind by modifying the Charnock constant by a coupling parameter
defined as the ratio of the wave-induced stress to the total momentum flux. Shortcomings of
the numerical implementation of the coupling are discussed. This coupling module is com-
pared to one using a fixed Charnock constant which is shown to produce equally accurate
significant wave heights. An alternative air-sea coupling parameterization is put forward,
replacing the present wind input source function in the WAM model. It uses recently devel-
oped physics to calculate the momentum fluxes directly, without applying a Charnock type
relation. A more accurate pre-described high-frequency tail of the wave spectrum is used
to calculate the wave-induced stress. An iterative parameter tuning method is presented to
estimate control parameters occurring in the air-sea coupling modules. It minimizes a cost-
function representing the modelling error using a finite difference approach together with the
Levenberg-Marquardt optimization method. Model experiments are performed for the North
Sea to tune, validate and intercompare the alternative wind-wave coupling parameterizations
in the WAM model. The impact on calculated wave parameters like significant wave height
is studied.
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1 Introduction

Atmospheric and ocean circulation systems are strongly influenced by processes occurring at
the air-sea interface, concerning the exchange fluxes of momentum, heat, moisture and gasses
in particular. These air-sea interaction processes are still not clearly understood and they
give rise to uncertainties in weather prediction and climate change models that dynamically
couple the two systems.

Wind generates waves on the surface of the ocean, while modifications of the sea state
influence the wind profile just above it. The current research concentrates on modelling
the interactive momentum exchange fluxes between the wind and the sea surface. Several
alternative air-sea coupling modules are discussed and intercompared by their introduction
into the WAve prediction Model (WAM) presented by Komen et al. (1994). The objective is
to gain more insight into the influence of the physical and numerical parameterization of the
coupling module on wave related processes, which can be used for recommending an air-sea
interaction parameterization to incorporate into the coupling module of (operational) models
like the WAM model or the European Coupled Atmosphere-Wave Ocean Model (ECAWOM).
The ECAWOM model couples the two systems dynamically, see Weisse et al. (1997), which
allows to study the effect of the coupling parameterizations on atmospheric processes likewise.

The currently widely used operational WAM wave prediction model, version Cycle 4,
applies the air-sea coupling module developed by Janssen (1989, 1991). It incorporates the
coupling back of the waves to the wind by dynamically modifying the Charnock parameter,
which represents the proportionality between the roughness length and the stress of the sea
surface, according to the sea state. The Charnock parameter is assumed to depend on a
coupling parameter defined as the ratio of the wave-induced stress to the total momentum
flux. This coupling parameter depends on the full wave spectrum, which makes it difficult
to implement by a numerical scheme. The current research shows inconsistenties between
theory and numerical implementation of the coupling parameter in the WAM Cycle 4 model,
implying that the wind and waves are numerically not fully dynamically coupled. Another
shortcoming of the air-sea parameterization in the WAM Cycle 4 model is the application
of a rough approximation of the pre-described high-frequency tail of the wave spectrum by
Phillips (1958), as described in e.g. WMO (1998). The modelling of developing wind sea
requires a more accurate approximation of this diagnostic tail.

The effect of the coupling parameter on the calculated wave parameters is assessed in this
report by comparing the output obtained by the WAM Cycle 4 model to that obtained by the
WAM model using a fixed Charnock parameter, or equivalentely, a zero coupling parameter,
in the Charnock relation. This alternative air-sea interaction parameterization, which is also
used in WAMDI (1988), is less sophisticated than the coupling module applied in the WAM
Cycle 4 model as it does not incorporate the influence of the sea state to the air flow just
above the surface. The numerical implementation is therefore straightforward.

An alternative air-sea coupling parameterization is put forward, based on recently devel-
oped physics by Makin, Kudryavtsev and Mastenbroek (1995) and Makin and Kudryavtsev
(1999). It replaces the wave growth rate parameterization of Miles (1957), incorporated in
the wind input source function in the WAM Cycle 4 model, by a modern advanced param-
eterization based on rapid distortion theory as presented by Belcher and Hunt (1993). In
contrast to the present air-sea coupling module in the WAM Cycle 4 model, this new air-sea
coupling module calculates the momentum fluxes directly, without applying a Charnock type
relation using the artificial concept of roughness length. Besides that, an accurate numerical



parameterization of the pre-described high-frequency tail of the wave spectrum suggested by
Elfouhaily et al. (1997) is considered, which is based on an emperical high-frequency spectrum
designed for remote sensing applications. The numerical implementation of the new growth
rate parameterization is consistent with the physical model and it fully couples the air and
sea surface in a dynamical way. This new air-sea coupling scheme is coded and incorporated
into the WAM Cycle 4 model, replacing the original wind input source function, and its effect
on the calculated wave parameters is assessed in the current studies.

The modified wind input source functions of the alternative air-sea coupling modules have
to be tuned to the remaining source terms in the WAM model.. Several control parameters are
introduced in the models which are tuned by minimizing a certain cost-function, representing
the misfit between the calculated WAM model output and the available wave observations. For
this, an iterative parameter tuning method is developed and implemented. It applies a finite
difference approximation together with the optimization method developed by Levenberg
(1944) and Marquardt (1963), which efficiently combines the method of Newton and the
method of steepest descent to approximate the minimum of the cost-function with respect to
the control parameters. Each iteration step requires M + 1 WAM model runs together with
the solution of a linear system of dimension M, where M is the number of control parameters,
which is small in the current studies. The presented iteration algorithm of this robust and
transparent tuning method is based on the one described by Press et al. (1992).

The parameter tuning method is applied to estimate several control parameters occurring
in the Charnock relation and the dissipation source term of the original and modified WAM
Cycle 4 model. This is performed for the North Sea area during a time period containing
stormy as well as quiet weather. Fixed wind velocities obtained by an atmospheric model are
used as input fields. Model experiments are executed using the tuned air-sea parameteriza-
tions to validate the wave model output against available North Sea buoy wave observations.
The performance of the alternative tuned schemes is assessed and intercompared, and the
impact on the calculated significant wave height and peak frequency is investigated.

The research presented in this report comes within the framework of the EC-project en-
titled Air-Sea Wave Processes in Climate Change Models that forms part of the Air-Sea
Processes, EC ENvironment and Climate Programme (ASPEN). It describes the work per-
formed by KNMI for Work Package 3 concerning the incorporation, tuning and validation
of various air-sea coupling parameterizations in the WAM wave model. Further co-operating
participants in this EC-project originate from research centres CPR, Italy, JCMM, United
Kningdom and GKSS, Germany. The overall objective of the ASPEN project is to contribute
to the improvement in reliability of climate predictions by improving the dynamic coupling
between atmosphere and ocean circulation models by taking forward advanced research on
models for air-sea processes associated with ocean waves.

Section 2 of this report describes the physics and numerical implementation of three
alternative air-sea coupling modules in the WAM wave model. Several advantages and short-
comings of each parameterization are discussed. The iterative parameter tuning algorithm
based on the Levenberg-Marquardt optimization method is outlined in Section 3. Section
4 and the Appendix present the WAM model results obtained by the alternative coupling
modules, together with a validation and intercomparison assessment.



2 Air-sea coupling in WAM wave model

The basic equations of the WAM wave model are described in detail in Komen et al.- (1994),
a short outline is presented in this section. Three different parameterizations of the air-
sea coupling specified in the wind input source function of the WAM model are presented.
Firstly, the original WAM Cycle 4 model is recalled, containing the coupling theory of Janssen
(1989, 1991) modelling a fully coupled air-sea situation. The parameterization in which
the sea state is not coupled back to the wind velocity field is presented by the uncoupled
air-sea model. An alternative air-sea coupling parameterization is presented by Makin and
Kudryavtsev (1999). This new module couples the wind and waves dynamically and it is
outlined as an alternative parameterization of the wind input source term. Various advantages
and shortcomings concerning the physics and the numerical implementation of these air-sea
parameterizations are discussed.

2.1 WAM Cycle 4 wave model

The basic equations of the WAM Cycle 4 wave model are shortly recalled from Komen et
al. (1994). It is a third generation wave prediction model, which incorporates the air-sea
coupling theory of Janssen (1989, 1991) modelling a dynamical interaction between the sea
state and the wind velocity field above the sea surface by introducing a coupling parameter
in the so-called Charnock relation.

2.1.1 Basic equations of wave energy input

The WAM model calculates the evolution of a two-dimensional, in frequency and direction,
ocean wave spectrum in space and time by solving the energy transport equation,

dF 0 /. 0 /: o /-
—+ —(¢F )+ —< |(AF )+ = |OF ) = 1
dt+6¢(¢)+6)\( )+ 55 (OF) =5, ()
where F' = F(f,0;x,t) represents the spectral density for waves with frequency f and direc-
tion of propagation 6 at location £ = (¢, ) and at time ¢. The source term S is a function
of f,0,x,t and F itself, and it is defined by a superposition of four source terms,

S = Sin + Sdis + Sbot + Snl, (2)

where Sip is the wind input, Sgis is the dissipation by white-capping, Spot is the bottom
dissipation and S, is the non-linear wave-wave interactions source term. The momentum
exchange between the air and the sea is incorporated in the wind input source function Sj,,
whose parameterization implemented in the WAM Cycle 4 model is recalled more extensively
below. The wind input source function will be replaced and compared to two alternative
air-sea coupling schemes in the WAM model presented in the next sections. The modified
wind-wave coupling modules will be tuned against the dissipation source term Sgis by using
various integral wave parameters.

Wave energy input by wind. The wind input source term Sj, in the WAM model
describes the energy transfer from the surface wind to the waves, given by the quasi-linear
relation

Sin = YF, (3)



where vy is the growth rate parameter of the waves. In the WAM Cycle 4 model, v depends
on the entire wave spectrum F in an implicit way, parameterized by the following set of
equations.

The wind speed above the sea surface is represented by a ]logarlthmlc profile, originating
from the integration of the momentum balance equation,

Uz) = i log (i> = u—*, (4)

K 20 CD(z)

in which U(z) is the wind velocity at height z, x = 0.41 is the Von Karman constant, 2o
is the roughness parameter of the sea surface, u, is the friction velocity and Cp(z) is the
drag coefficient at height z. The total air-sea momentum flux 7 is a superposition of the
height-dependent turbulent stress 7; and the wave-induced stress 7y, i.e. T = 74(2) + Ty (2),
and friction velocity u, is related to the surface stress 7 by

T = Pauz, (5)

where p, is the density of the air. Total stress 7 and friction velocity u, are assumed to be
independent of height. The friction velocnty of the wind and the roughness length are coupled

through the Charnock relation,
2

Uy
20 = a—, 6
. (6)

where proportionality parameter « is called the Charnock parameter. This relation was
derived by Charnock (1955) and it is purely based on dimension analysis. Charnock (1955)
assumes parameter « = & to be a given constant, implying that roughness length zg, friction
velocity u. and drag coefficient Cp at height z can be derived by solving the implicit relations
(4) and (6) for a given wind profile. In other words, a fixed constant « fully determines zp,
u, and Cp by the assumed wind profile and the Charnock relation.

Experiments show however, see Janssen (1989, 1991), that the presence of waves also
influences the wind profile near the sea surface, e.g. a rougher sea-surface slows down the air-
flow just above it more than a flat sea-surface, implying that relation (4) breaks down near the
sea-surface. This dynamical coupling back of the sea state to the wind profile is not modelled
correctly by assuming a constant Charnock parameter a. In order to incorporate the coupling
back, Janssen (1989, 1991) proposed a modification of wind profile (4) by using a variable
Charnock parameter o depending dynamically on the sea state through the wave-induced
stress 7, = |Ty|. The components of the wave-induced surface stress vector 74 = (Ty, , Tw,)
depend on the complete wave spectrum F', by

00 21 00 p21
7m=// wAF sin 0d6df, 7@:// wy F cos 0d9df, (7)
0 Jo 0 Jo
in which w is the angular frequency and vF equals Si, of (3). According to the theory of
Janssen (1989, 1991), the wave-dependent Charnock parameter « of relation (6) reads
&
I—-y

where the so-called coupling parameter y is defined as the ratio of the wave-induced stress at
height 2y to the total momentum flux, i.e.

o=

, & = 0.01, (8)

Tw

y=—. 9)

T



This air-sea coupling parameterization is implemented in the WAM Cycle 4 model. It uses
value @ = 0.01, which is obtained by assuming y = 0.71 for a fully developed sea together
with the commonly used Charnock constant o = 0.0185 for.old wind sea. For small y, the
modified Charnock relation resembles the original one from Charnock (1955) using a constant
parameter, whereas an enhanced wind stress is created when y approaches 1. Roughness
parameter zg, friction velocity u, and drag coefficient Cp depend on both the assumed wind
profile (4) and the ocean sea state F', through coupling parameter y of (9) in the Charnock
relation (6).

The input for the wave model is the wind speed at 10 m height Ujg = U(10). Quantities u.
and zg are calculated from the implicit relations (4)-(9) for given Uyo and 7,,. They determine
on their turn growth rate v according to the theory of Miles (1957), i.e.

% = Z—a (.’B,ZO).’E2, (10)

where py, is the density of the sea water, and parameters 8 = (z, z9) and z are defined by

T = (& + Za) COS(Q - ¢)a 6 = ﬂ_mll'log4(/l’)7 B = min {%en/z’ 1} ’ (11)

2
Cp K P

in which ¢, is the phase speed of the waves at the peak of the spectrum, ¢ is the wind direction,
2o = 0.011 is a tuned parameter, constant 3,, = 1.2 determines the overall strength of Sj; and
g = 9.81 ms~2 is the gravitational acceleration. For a given spectrum F, equations (4)-(11)
form a closed set of implicit equations, which is numerically solved by the WAM Cycle 4 model.

Wave energy dissipation. The source term Sgi;s in the WAM model represents the
dissipation of wave energy by white-capping, given by

Sia = —Clts(w) (ﬁy% (1+ %) , (12)

where k is the wave number, apy = 4.57 x 1073 is the Pierson-Moskowitz steepness for a fully
developed sea and a = E(k)? is the squared average steepness of the spectrum. Dimensionless
constant Cyis = 9.4 x 107° determines the overall strength of Sgi;. The total wave variance
FE is defined by

E= /0 00/0 B (f,0)dbd, (13)

and the mean angular frequency and mean wave number are defined, respectively, by

(w) = E( /0 00/0 "R, e)w—ldedf) T k- E( /O °°/0 "R, 0)k‘1/2d0df) R

Integral wave parameters. After solving the energy balance equation by the WAM
model, various important integral wave parameters can be derived from the calculated spectra.
The most commonly used are significant wave height H, defined by

H, = 4VE, (15)



and peak frequency f,, defined as the frequency at the maximum of the one-dimensional wave

spectrum,
2

F(f)= | F(/,0)do, ‘ (16)

Both H and f, depend on place and time. They can be used for model verification and
parameter estimation studies if observations are available.

2.1.2 Numerical implementation

Several aspects are discussed concerning the numerical implementation of the physics con-
cerning, among other things, the air-sea coupling in the WAM Cycle 4 model as recalled in
the former section. The numerical calculation of the coupling parameter is discussed, as well
as the application of a pre-assumed high-frequency tail of the spectrum. Two limiters are
mentioned which are introduced in the numerical model because of stability reasons.

Coupling parameter. Firstly, the numerical implementation of the wind input source
term Sj, in the WAM Cycle 4 model is discussed. For Sj,, the WAM model uses an implicit
second order centered difference model to discretize (1) with respect to time. The calculation
of the increment of Sj, from a certain time instant f,q to a time instant ¢,y at a specific
location requires growth rate parameter v at tpew, which in its turn requires u, (and zp) at
tnew to evaluate (10)-(11).

The calculation of u.(tpew) by solving the implicit set of equations (4)-(9) for a given
wind input Uyg(tpew) introduces a numerical difficulty because the full spectrum F' at time
tnew 18 required for 7, of (7) to determine coupling parameter y of (9). Instead of solving
this implicit set at each time instant, the following simplification is made in the numerical
WAM model. Before performing the actual runs to integrate equation (1) numerically, the
WAM Cycle 4 model pre-calculates a two-dimensional table containing the total surface stress
T = T[Ty, Uyp] for a given discrete set of wave-induced stresses 7,, and wind velocities Uyp.
This table is constructed by taking a broad range of fixed values of Uyg and 7, for which the
implicit non-linear set of equations (4)-(9), without (7), is solved iteratively by the method of
Newton. For a given pair of 7, and Uy, the corresponding approximation of 7 is calculated
by linear interpolation from this table.

The WAM Cycle 4 model calculates 7y(tpew) numerically as follows. At time instant
tnew, the WAM model approximates Ty (tnew) by Tw(tolq) which has already been calculated
by evaluating integrals (7) during the previous time step. Coupling parameter y at tpew is
approximated by y*, given by

Y (tnew) = 7'w5—t—*old), T = 7'['7'11)(told), UIO(tnew)], (17)
where 7* is derived from the pre-calculated table of the total stress. After this, approximations
to u4, 2o and 7y are obtained at tyey by evaluating relations (5)-(11), without (7). This means
that the numerical WAM Cycle 4 model does not fully dynamically couple the wind and the
sea as described by the physics of Section 2.1.1.

Besides that, the WAM Cycle 4 model avoids the singularity caused by a possible division
by zero in (8), by limiting the numerical coupling parameter. In other words, parameter

yWAM (tnew) = min {y* (tnew)v 0-999} s (18)



is the actual numerical coupling parameter implemented in the WAM Cycle 4 model. This
means that the numerical and physical model of the air-sea coupling parameterization are not
fully consistent in WAM Cycle 4.

High-frequency tail. Another part of discussion is the application of the high-frequency
tail introduced into the numerical WAM model to reduce computation time. The high-
frequency part of the wave spectrum is important for calculating the momentum flux between
the wind and the sea. It can be shown, see e.g. Makin and Kudryavtsev (1999), that the
air-sea momentum exchange for developing wind waves takes place primarily at the high-
frequency part of the spectrum, which therefore has to be modelled accurately.

The numerical WAM Cycle 4 model solves the energy balance equation (1) up to a certain
dynamically determined cut-off frequency f., which is dependent on place, time, u,, mean
frequency of the spectrum, and largest frequency in the discrete frequency grid, as described
by Burgers (1990). The low frequency part of the calculated wave spectrum F, i.e. for f < f,
is called the prognostic part of the wave spectrum. Cut-off frequency f. corresponds to a wave
length A ~ 10 m.

Prognostic Part

Diagnostic Tail

Figure 1: Prognostic part and diagnostic high-frequency tail of wave spectrum F'.

For frequencies larger than f., i.e. for waves shorter than 10 m, the spectrum is assumed
to behave according to a diagnostic tail, which is proportional to f~° as described by Phillips
(1958). In other words, the high-frequency part of spectrum F is assumed to be

F~f5 R (19)

where the proportionality constant equals F(f.)f? patching the prognostic part to the di-
agnostic tail of the spectrum. Figure 1 schematically shows the prognostic and diagnostic
part of a wave spectrum. The complete high-frequency tail is merely determined by cut-off
frequency f., the pre-assumed f~5-profile of the diagnostic tail and spectral level F(f,).
The prognostic part of the wave spectrum is dependent on the so-called inverse wave
age, defined by ratio Uig/cp, describing the stage of wave development for wind sea. This
relation lifts the prognostic part of the spectrum upward for young sea, whereas it is pushed



downward for old sea. However, the high-frequency part of the spectrum is also shifted up-
and downward according to patching spectral level F'(f.) of the highest prognostic frequency
bin by (19). This numerical feature implies a direct relation between the wave age and the
high-frequency part of the wave spectrum, which does not correspond to the behaviour of
the diagnostic tail observed in nature, see discussions in Makin, Kudryavtsev and Masten-
broek (1995) and Elfouhaily et al. (1997), which is a drawback of the application of the
pre-described high-frequency tail.

WAM C4 (Dec 98, Nov/Dec 97, Jan 98)
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Figure 2: Numerical coupling parameter y versus parameter P of (20), together with regression
curve y™8 of (21), obtained by the WAM Cycle 4 model at observation stations AUK, EURO,
K13 and IJM, for time periods Nov ’97 - Jan 98 and Dec ’98.

The following is remarked with regard to the air-sea coupling parameter y and the high-
frequency tail used in the WAM Cycle 4 model. A certain quantity P is considered, which is
calculated by the WAM Cycle 4 model at time instant ey, defined by

27
P= / F(fm,0)6d8,  fm = 0.4117 Hz, (20)
0

where fp, is the maximum value of the discrete frequency grid, § = max {cos®*(6 — ¢),0} and
F(fm,0) is the value of wave spectrum F evaluated at f,, at the former time instant t,)q.
Model experiments have been performed using Wam Cycle 4 for the North Sea area during
several independent time periods. The experimental set-up is described in detail in Séction
4.1. Figure 2 shows the scatter plot of the numerical coupling parameter y of the WAM Cycle
4 model given by (18) versus quantity P. The model output at four observation stations
during four months are displayed in this figure.

The little scatter shown in the plot of Figure 2 suggests a direct relationship between
parameter P and the numerical coupling parameter in the WAM Cycle 4 model. This rela-
tionship can be parameterized e.g. by the non-linear regression curve y™¢, defined by

y°8(P) = tanh(AP), A =39.3. (21)



Regression coefficient A is obtained by applying the method of least-squares together with
the iterative method of Newton to minimize the sum of squared errors between the calculated
coupling parameter and the corresponding value of the fitting curve y™8& with respect to A.

The scatter plot shows that coupling parameter y, at fpew, is determined by the wave
spectrum F' at only one frequency value f,,, = 0.4117 Hz at the former time instant ¢,;9. This
means that the wind and the waves are not fully dynamically coupled in the numerical WAM
Cycle 4 model. The application of the numerical coupling parameter y"WAM of (18) and the
high-frequency f~3-tail of (19) in the numerical WAM Cycle 4 model are not consistent with
the physics of the wave model. Therefore, an alternative parameterizition of the wind-sea
interaction is required.

- Limiter. The last remark made in this section concerns a limiter introduced in the
WAM model for numerical stability reasons. It limits the wave spectrum change, but it is
not directly related to the parameterization of the air-sea interaction process. The discrete
change of the wave spectrum AF = F(tyew) — F(told) at time instant tney is calculated by
the integration of the total effective source term, i.e. AF = S(tqq)At. In the WAM Cycle 4
model, this discrete change of F is restricted by a limiter. It limits each discrete spectral bin
AF after an integration time step, by

AFlim(tnew) = Sign(S(told)) min {| S(told) | Ata L} ’ (22)

where AFjj, = Flim (tnew) — F (fo1d) is the restricted discrete maximum change of F' per time
step and limiter L is defined by

~ At

L =Ly L=062x10"%f"% m?% (23)

Limiter L is applied after calculating the total effective source function S and before determin-
ing cut-off frequency f. and adding the high-frequency f~3-tail in each time step. Limiter L
is frequency dependent restricting especially the absolute change of F' for the high-frequency
wave components up to the cut-off frequency. Restriction (22) on AF using limiter (23) is in-
dependent of At, implying that the relative impact of limiter L will not vanish for decreasing
At. This means that the limiter becomes an integral part of the numerical solution which no
longer converges to the solution for the physics parameterization of the model.

The overall impact of the limiter can be assessed by studying the ratio between the discrete
spectral change after and before the limiter is applied, defined by

Je[27 | APy | dOdf
Je[2T |AF|dOdf

E(tnew) = (24)

reflecting the total number of times limiter L is applied at time instant tyew. If € = 1 the
limiter is not applied, but smaller values of ¢ < 1 mean a larger impact of the limiter on the
total spectral change. Ratio ¢ is assessed in the current studies.

2.2 Uncoupled air-sea wave model

The air-sea coupling module presented in this section applies a simpler air-sea coupling pa-
rameterization used in previous versions of the WAM Cycle 4 model, see e.g. WAMDI (1988),
because it does not couple back the influence of the sea state on the wind profile above the

10



surface. The considered wave model is identical to WAM Cycle 4 presented in the previous
section, except for the air-sea coupling parameterization of wind input source term Si,. One
is referred to Section 2.1.1 for the basic equations of the model. As already mentioned, the
WAM Cycle 4 model couples back the changing sea state to the wind profile by modify-
ing Charnock parameter « in (6) in Charnock relation (8) by coupling parameter y of (9)
according to the theory of Janssen (1989, 1991).

The air-sea coupling module considered in this section, however, adopts the idea originally
presented in Charnock (1955). The Charnock parameter « in (6) is modelled by a given
constant. In other words, the coupling parameter y defined in (9), or equivalently, the wave-
induced stress 7, is assumed to be zero,

Tw
= — = 2
y=—=0, (25)

yielding, through (8), a constant Charnock parameter « = & in the Charnock relation defined
by (6), i.e. "

* BN

u
g
It means that roughness parameter 2, friction velocity u. and drag coefficient Cp are deter-
mined by the logarithmic wind profile (4) and Charnock relation (26), which are independent
of the sea state. This wave model containing the modified wind input source term without
the back coupling of the waves to the air flow is referred to as the uncoupled air-sea model.

The wind input source term calculation in the uncoupled air-sea model is simpler than the
calculation of Sj, in the WAM Cycle 4 model. Roughness parameter zp and friction velocity
uy are iteratively determined from equations (4) and (26) for a given wind input field Ujo,
which does not require the full wave spectrum F' to calculate stress 7,,. Note that comparison
of the original WAM Cycle 4 model against this uncoupled air-sea model assesses the impact
of coupling parameter y of (9) on the generated wave output.

z0=d

: (26)

2.3 New air-sea coupling module

An alternative physical parameterization of the air-sea coupling based on recent developments
by Makin and Kudryavtsev (1999) is concisely described in this section. The basic equations
are shortly outlined and several aspects are compared to the coupling module of the original
WAM Cycle 4 model. This new wind input source term is introduced into the WAM Cycle
4 model, replacing the original parameterization. Its numerical implementation is shortly
discussed.

2.3.1 New growth rate parameterization

The new air-sea coupling module concisely described in this section is based on the param-
eterization presented by Makin and Kudryavtsev (1999). The original WAM Cycle 4 model
is considered except for the wind input source function Si, specified in Section 2.1.1. The
growth rate  of Sj; as parameterized by (10) in the original WAM Cycle 4 model is replaced
by a new parameterization,

S =9F = STV =+""F, (27)
where the new growth rate y"*% again depends on the entire specrum F' in an implicit way

by a closed set of equations presented below.
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The velocity profile U of the wind above the waves as a function of height z is given by

/

U(z) = u? /2 (1 - T’”(f )> (K +v)~d?, (28)
0 u?

which is obtained by integrating the momentum balance equation for the height-independent

total stress 7 = 74(2) + 7w (2) + 7, (2) = u?, where 7, is the viscous stress in the boundary

sublayer and v = 1075 m?s~! is the kinematic viscosity of the air. All stresses are normalized

by p, in this formulation. Coefficient K (z) is the eddy-viscosity defined by

1/4
K = kzu, (1 - T";(zz)) d(z,u), d=1— e ?u/36v (29)
2 ,
where d is the damping function by Van Driest introduced to approximate the velocity profile
within the molecular sublayer. It allows an explicit description of the stress behaviour within
the viscous sublayer and avoids the application of the viscous roughness length concept applied
by Makin and Kudryavtsev (1999).
The wave-induced stress 7, is defined as a function of height z by the integral

rul2) = /0 “ T k)e*Ld(log k), (30)

where £ = 1/5k is the height of the inner layer and 7 is the omni-directional spectrum of the
momentum flux to the waves,

™
T() = [ B, @Bk, ) cos wd, (3)
-

in which c is the phase velocity, ¢ is the propagation direction of the k-wave component relative
to the wave direction and B(k, ) = k*F(k, ¢) is the saturation spectrum. Directional wave
spectrum F'(k, ¢) is described as a function of k¥ and ¢ rather than f and 6 in this formulation.
The newly defined growth rate parameter is based on rapid distortion theory as presented by
Belcher and Hunt (1993). It reads

new

7_ = & (kv(p)a (32)

w Pw

where 8 describes the energy flux from the air to the waves by

5= msr(%) (1~ yF®) cose feoser, (3)

in which mg = 0.045 according to Plant (1982) and coupling parameter y = 7,,(0)/u? equals
definition (9). The dimensionless wave-induced stress averaged over the surface boundary

layer f is defined by

_ 00

F) = —5 [ mul)e Mk k), (39
Tw(o) 0

where 7,(z) is the form drag defined by (30), f — 1 for very short waves, while f — 0 for

longer waves. Here kd = 0.04 and relaxation function R is defined by

c 5
R=1—0.3(—) , 35
U (35)
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yielding R ~ 1 for slowly moving waves, while R — 0 for fast moving waves. It is assumed
that the growth rate equals zero when R < 0, i.e. for waves moving faster than the wind.

It is emphasized that the new parameterization of the air-sea coupling calculates the
momentum fluxes between the wind and the waves directly. As opposed to the air-sea coupling
parameterization in the original WAM Cycle 4 model, the artificial concept of roughness length
and the pre-described Charnock relation are not used in this model. Instead of applying the
theory of Miles (1957) to model the growth rate, the new parameterization is based on rapid
distortion theory by Belcher and Hunt (1993). The wind profile and the state of the sea
surface are fully coupled in a dynamical way.

For a given spectrum F, equations (28)-(35) form a closed implicit set, which is solved
iteratively. Just like the WAM Cycle 4 model, it requires the full wave spectrum to determine
the stress. The next section describes the numerical implementation of this new coupling
parameterization into the WAM model.

2.3.2 Numerical impiementation

The numerical implementation of the new air-sea coupling module presented in the former
section is concisely discussed here. It is based on a model presented by Elfouhaily et al.
(1997), which is also adopted by Makin (1998). The calculation of the increment of the newly
parameterized wind input source function Sj;*V, from a certain time instant 54 to a time
instant tnew at a specific location, requires growth rate "% at time ¢,ew, which is calculated
from equations (28)-(35). This requires the unknown wave spectrum F at tney in (31) in
order to determine the wave-induced stress. An approximation to ¥V (tnew) is calculated by
solving the set of equations iteratively in the following way.

Firstly, it is noticed that the discrete frequency range of the prognostic part of the wave
spectrum used in the WAM model is extended to calculate the new wind input source function
in order to describe the high-frequency part of the spectrum more accurately. The discrete
prognostic frequencies for which growth rate y™" is calculated in the new wave model are
given by f, = (1.1)" 1 f, for m = 1,2,...,65, ranging from f; = 0.0418 Hz to fe5 = 18.63
Hz, instead of ranging from f; to fo5 = 0.4117 Hz as implemented in the original WAM
model. The original short discrete frequency range is still applied for the remaining source
terms other than Si*". Calculation on this extended frequency grid is more time consuming,
however.

One difficulty in determining the growth rate parameter is the fact that the wave-induced
stress is dependent on the unknown wave spectrum, which is numerically solved as follows.
The calculation of the wave-induced stress (30) requires F' through omni-directional spectrum
T of (31), in which saturation spectrum B was introduced,

F(k,¢) = k™" B(k, ). (36)

This saturation spectrum B is written as a superposition of two spectra regimes similarly to
the theory presented by Elfouhaily et al. (1997), i.e.

B(k,(p) = Bl(ka 90) +Bh(k)(1>(ka (P)a (37)

where the long- and short-wave curvature spectra B; and Bj and the angular spreading
. function ® are defined as follows. In the current numerical implementation the long-wave
curvature spectrum B; accounting for the low-frequency part of the spectrum is defined by

Bl(ka (P) = k4F(ka (p)Fpa (38)
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which is approximated by using the wave spectrum F' at the old time instant. The long-wave
side-effect function F, is given by '

Fp=exp{—%-<l k%_l)}’ (39)

in which Q = Ujg/cp is the inverse wave age, k, = (27 f,)?/g is the wave number corresponding
to the peak frequency f, of the spectrum at the old time instant and c, is its corresponding
phase velocity. '

Saturation spectra

10” 10° 10' 10
k rad/m

Figure 3: Illustration of omni-directional spectrum B versus wave number k defined by super-
position of long- and short-wave curvature spectra By and By,.

The parameterization of By, is based on the empirical high-frequency spectrum designed
for remote sensing applications by Elfouhaily et al. (1997) to describe the diagnostic tail

accurately. It is defined by

1 c
Bh(k) = iameFmea (40)

where c,;, = 0.23 ms~! is the phase speed at the secondary gravity-capillary peak and a,, =
0.0625u, is the equilibrium range parameter for short waves. The short-wave side-effect
function F,, and the JONSWAP peak enhancement function J, are defined by

1/ k 2 r 5 (kp 2
F,, = exp -1 E_1 , Jp = (1.7+61og )" exp “a\% ) (41)

2
where k;, = 363 m~1, I = exp{—(y/k/kp, — 1) /20?} and ¢ = 0.08 (1 + 4Q~%). The angular
spreading function ® is used to seperate the uni-directional dependence of the wave spectrum
from the angular spread,

2.5 2'5
27® =1 + tanh (0.173 + 4(03) + 0.565u, (%n) ) cos(2¢). (42)
P
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Figure 3 presents an illustration of a saturation spectrum B as a superposition of two spectra
regimes defined according to (37). The effect of the energy cut-off caused by the side-effect
functions Fj, and F, is apparent. .

A numerical approximation of growth rate 4™V is found by iteratively solving equations
(28)-(35) for a given wind input velocity Uy in order to calculate 8 of (33) at every discrete
time step and at every location. Saturation spectrum B required for the wave-induced stress in
(31) is approximated by expression (37) and it is kept constant during the iteration process.
An analytic expression, dependent on k and kyp, is used as initial value of f of (34). A
first approximation to u, is obtained by a linear approximation of the relationship between
Cp = u?/U%, and Uy, yielding also initial values for Cp and 7.

The initial values are used to start the iterations. First coupling parameter y and wave-
induced stress 7, are calculated. This produces a new value for f and a new drag coefficient
Cp, yielding new values for the friction velocity u, and the total stress 7. The new values
are used as initial conditions for the next iteration, starting again by calculating the coupling
parameter. In the current implementation two iteration steps are performed, in contrast to
the numerical coupling module in WAM Cycle 4, which executes only one iteration step.

It is summarized that the numerical implementation of the air-sea interaction scheme uses
an accurate approximation of the high-frequency tail, modelled on an extended frequency grid.
The calculation of the numerical coupling parameter does not require a limiter in the new air-
sea coupling scheme and the numerical implementation of the growth rate parameterization
is consistent with the theory presented in the former section. A parameter tuning method
is presented in the next section to balance the new wind input source function against the
remaining source terms.
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3 Parameter tuning method

This section describes a general method to estimate parameters occurring in the numerical
wave model with respect to certain wave observations. It is used to tune the modified wind
input source functions in the WAM model in the current studies. The iteration algorithm of
the parameter tuning method is presented, which minimizes a cost-function, representing the
model misfit of the wave parameters, by applying a finite difference approach together with
the so-called Levenberg-Marquardt optimization method.

3.1 Cost-function

A certain set of parameters, the so-called control parameters, occur or are introduced in the
source term equations of the WAM wave model. These control parameters, denoted by %;,
forj=1,2,...,M, or,

¢: (d]lad]?,'--,"/"M)Ta (43)

are to be tuned with regard to available wave observations. For this, several integral wave
parameters, like H; and f, e.g., are used which are derived from the entire wave spectra
calculated by the WAM model. The modelled integral wave parameters depend on the set of
control parameters 1, location  and time ¢, and they are referred to by

The parameter tuning is performed by minimizing a cost-function expressing the misfit be-
tween the WAM model output of the integral wave parameters and their corresponding ob-
servations. Comparison of the calculated y; to their observations is performed for observa-
tion stations at locations € = z,, for n = 1,2,...,S, at discrete time instants ¢ = ¢;, for
1 =1,2,...,T;n, where T;, is the total number of time instants for which observed x; at
station z, is available and comparable to its corresponding WAM model output. The avail-
able observation of wave parameter y; at station z, and at time instant ¢; is denoted by
X?bs (Tnsth)-

Cost-function J is defined for a certain set of control parameters v by the following
superposition:

J($) = JX(9) + I (9), (45)

where functions JX and JY are weighted sum of squares, see e.g. Holthuijsen et al. (1996)
and Voorrips (1998), defined by

NSTz',nl

JX() =D > 2 [Xi(¢;$n,tl) - XiObs(mn’tl)r’ (46)

i=ln=11=1 "X
reflecting the statistics of errors in calculated and observed integral wave parameters, while
TV (%) = f) — (v; - ¢~fg)2 (47)

- J=1 012#1 ! ! ’

represents the wave model confidence by expressing the deviation of the set of control param-
eters from a certain given first-guess set of control parameters 4% = ( ig, gg, .. ,1/)§\§I)T. For

the first-guess control parameters 1/)§g, j=1,2,..., M one can take e.g. the original control
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parameter values occurring in the untuned WAM model. Weights oy, and oy, are the given
standard errors of x; and 1;, respectively, non-dimensionalizing cost-function J.

If J(p) < J('8) for a certain set ¥ of control parameters, it follows that the modelled
integral wave parameters x; obtained by the WAM model using 9 more accurately fit their
observed values compared to those obtained by using the initial first-guess set P8, Minimizing
cost-function J with respect to 9 provides an optimized set of tuned control parameters for
which the WAM model produces more accurate wave parameter output. In other words, for

a given first-guess set 18, a next set of control parameters 1°P* = (¥P*, 5P ... YT has
to be constructed producing minimal cost, i.e. such that
J°P) =  min  J(v). 48
(¢ ) ¢1)¢2)~")¢M (w) ( )

C.alculating the minimum of non-linear function J is a difficult task which can not be done
analytically in the studied situation. One way is to use the so-called adjoint wave model as
described by Hersbach (1997, 1998). This method is not adopted here, however. The next
section presents a numerical algorithm to produce approximations to 1°P" iteratively.

3.2 Levenberg-Marquardt optimization routine

The non-linear optimization method to minimize the cost-function used for the present studies
is based on a finite difference approach together with the so-called Levenberg-Marquardt
method. Its derivation describes one step of this iterative method, which is outlined, together
with the numerical algorithm, in this section.

3.2.1 Derivation of the method

Minimization of the cost-function with respect to the set of control parameters requires the
gradient of J to be zero. In other words, VJ(¥°") = 0 at optimal value 1°P* of cost J,
where V denotes the gradient operator with respect to 4. So in order to find 4°P* from (48),

the M equations
oJ

;i
have to be solved with respect to 1. This set of equations is rewritten, after substitution of
(45)-(47) into (49), by

N S Tin 1 [ N ]8
Z Z —5 | Xi ¢’mnatl) Xi ° s(mnntl) (¢,$n,tl) +
P o e 3 p;
+UT(¢J. —¢%) =0,  j=1,2,...,M. (50)
¥j

Each wave parameter x; and gradient Vy; should be known functions of 4 in order to solve
(50) with respect to 1. However, no explicit analytical expressions are available because
wave parameters x; and their gradients depend on % in a complicated non-linear way through
the WAM model. To overcome this problem, the following simplifying assumption is made,
which is commonly applied in practice. It is assumed that the wave parameters can be well
approximated by linear functions of 4 for each set of control parameters which is a small
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perturbation of the given first-guess set of control parameters. In other words, each wave
parameter x; is approximated for ¥ = 18 by its first-order Taylor-series expansion

i)~ XE+ (- 9%)  Vx(®),  i=12....N, (51)

which holds at every location z,, and time instant ¢;. Here, xﬁg(axn, t) = xi(¥'®; z,,1;) denotes
the integral wave parameter using the first-guess set of control parameters for each z, and ¢,
obtained by performing one WAM model run.

Linearized expressions (51) show that the gradients of wave parameters x; are approxi-
mated by

Vxi($) = Vxi(®®),  i=12,...,N, (52)
which are constant, but still unknown. However, they can be numerically approximated by
their first-order differential quotients. For a given small perturbation € = (€1, ¢€9,...,¢ M)T of

’l/)fg , the following finite difference approximation is applied to the gradients:

St )~ = [ +ere) ~xF]. (53)
defined for each wave and control parameter at every location and time instant, in which e; =
(0,...,0,1,0,...,0)T is the 5! unit vector. Finite differential quotients (53) are calculated
by making M additional WAM model runs using each perturbated set of control parameters
1/Jfg +¢5ej, for j = 1,2,..., M, which provide their corresponding wave parameters ;.

Substitution of (51)-(53) into (50) yields the following system of M linear equations for
difference vector Ad:

A-AY=b, A = o — P8, (54)
in which the components of square matrix A are given by
A],k (.7 7é k)
Ajk = { A+ _12; (7 = k), (55)
J

for j,k=1,2,..., M, where coefficients fij,k are defined by

N S Ti,n

- 1
A= >3 o3 iy (Zn, ) dik (2n, 1), (56)

t=1n=110=1 " Xi

where the finite difference quotients of the wave parameters at z, and ¢; are denoted by

1
dij(ant) = — [xi(¥'® + eje550n,t1) = X (on,1)] (57)
J
fori=1,2,...,N and j,k =1,2,..., M. The components of the right-hand side vector b are

given by
T’L n

N S
1
=Y [°bs (@ t1) — XE(@n, 1)) dij(@n, 1), (58)
z:ln:ll:l

for j = 1,2,..., M. Solving linear system (54) with respect to A1 provides approximation
% to the optimal tuned set of control parameters ¥°P*. It is noted that linear system (54) is
equivalent to the one derived by Holthuijsen et al. (1996).
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This approximation method to minimize cost-function J is also referred to as the opti-
mization method of Newton because of the following. For ¢ = 8, the method of Newton
approximates cost-function J by a second order Taylor-series. and, besides that, assumes lin-
earization (51) of the wave parameters. Differentiation of the quadratic cost-function yields
a linear approximation to VJ, whose zero is determined. It can be shown that the resulting
linear system by this method is equal to (54).

The method of Newton constructs a new set 4 of control parameters from a given first-
guess set '8 that should be a better approximation to ¥%°P* than 1 with respect to cost J.
This method is efficient and accurately, provided assumption (51) is allowed, in other words,
provided that 1% is sufficiently close to ¥°"*. However, it does not provide an accurate
approximation % to p°P' if the components of increment vector A+, found by solving (54),
are too large. If cost J of v, determined by solving (54), increases compared to the cost of
'8 stepsize A1 should be reduced.

In the latter situation, it is efficient to use the so-called optimization method of steepest
descent instead of the method of Newton, as proposed by e.g. Press et al. (1992). This
method constructs, from a given first-guess set 8, approximation 1 to minimum ¥%°P* of
cost J by taking a step down the gradient of J. In other words, each j* component of
increment vector At is defined by:

(A'(/’)] = ¢J - ,‘pjg = “Mng—_("Pfg), j= 1’27' .. 7M7 (59)
0Y;

where constants p; > 0 are chosen small enough not to exhaust the downhill direction. In
the current studies, special choice
1
Hj =
Aj;’

j=12,..., M, (60)

as proposed by Press et al. (1992) and Marquardt (1963), is adopted, where A > 0 is a user
provided constant and components A; s are defined in (55). Previous calculations show that
right-hand side vector component b; of (58) equals:

_97
o,

which yields, after substitution of (60)-(61) into (59), the following set of M uncoupled linear
equations,

bj = ('), ji=1,2...,M, (61)

AMji(Ap)j=b;,  j=12,..., M. (62)

Solving the set of M uncoupled linear equations (62), for an appropriate specified value of A,
provides approximation 1 to %°P* which should be more accurate than ¥ with respect to
cost J. If this approximation still does not yield reduced cost compared to that of 18, one
can narrow increment At by increasing value of A and solve (62) again.

The method of Newton and the method of steepest descent are efficiently combined into
one optimization method, the so-called method of Levenberg-Marquardt, which have been
derived, independently, by Levenberg (1944) and Marquardt (1963), as descibed by Press et
al. (1992). For cost-function (45), it combines the sets of equations (54) and (62) into one
final resulting linear system, denoted by:

-

A.Ay =b, (63)
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in which the components of square matrix A are defined by

i A, (J #k)
Ajk = { @4 04, (=), (64)

for j,k =1,2,..., M, where components A are defined in (55), vector b is defined in (58)
and A is a user specified constant. Solving linear system (63) with respect to A produces
approximation 1 to the optimal tuned set of control parameters 1°P, yielding reduced cost
compared to that of .

The method of Levenberg-Marquardt enables to vary between the method of Newton and
the method of steepest descent by chosing parameter A properly, depending on the cost of
calculated approximation 9 compared to that of ¥%®. Matrix A from (64) is forced to be
diagonally dominant for large A, which reduces increment A. In other words, linear system
(63) approximately equals system (62), derived by the method of steepest descent, for large
A. On the other hand, for very small ), system (63) reduces to (54) corresponding to the
method of Newton. In practice one starts with small values of A and increases X if necessary.

The method of Levenberg-Marquardt allows a straightforward extension to an iterative
routine, producing a sequence of control parameter vectors approximating 1 with increasing
accuracy, as described in the next section.

3.2.2 TIterative optimization algorithm

The Levenberg-Marquardt optimization method (63) produces, starting from a given current
set of control parameters, a new set of control parameters of decreased cost. This method
can be extended to an iterative process creating a sequential set of approximations to °Pt,
each next approximation yielding lower cost than the preceding one. The algorithm of this
iterative process, which is based on those presented by Marquardt (1963) and Press et al.
(1992), is presented in Table 1 and it is described in the following.

Initially, a current set of control parameters 9" is defined by the given first-guess set
%, Tt takes 1 + M WAM model runs to determine wave parameters x; corresponding to
P 1 run using ¥ and M runs using its perturbations required to calculate gradients
(67) of the wave parameters. The optimization routine starts with the method of Newton,
in other words, it applies A = 0 in the Levenberg-Marquardt method. Linear system (63) is
solved, providing a next set of control parameters ¥"**. One additional WAM model run
using ™" is required to calculate cost J of ¥"**t,

The calculated set of control parameters 9" approximates 9°P* more accurately than
P, if cost J(¢P ) < J(F). In this case, the procedure is repeated by defining p"*** as
the new current set of control parameters. However, if cost J(1"™*) > J(¢°""), constant X
has to be increased. Linear system (63) of Levenberg-Marquardt, now resembling the method
of steepest descent, is solved yielding again a next set of control parameters ¥"**, It is noted
that no additional WAM model runs are required for this. One additional WAM model run is
performed to calculate cost J of 4", If the cost of this 9" is less than that obtained by
T, one starts again by defining ¥"** as the new current set of control parameters, using
the Levenberg-Marquardt method resembling the method of Newton. If its cost is still not
reduced enough, constant A is increased and the Levenberg-Marquardt method resembling
the method of steepest descent is applied again, and so on.

The iterative optimization algorithm is presented in Table 1. Notation WAM][t] means
'perform a WAM model run using control parameters v’, and notation LM means ’solve
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> A=0

> wcur = ,d)fg

> WAM[dJC“r] = J(,lpcur)

> WAM[1/qur+6jej], i=12,....M

> LM = ,lpnext

> WAM['I/)neXt] = J(,(/)next)

> stop := false

> repeat

> if J(¢"*) < J(¥") then

> if |J(p"*) — J(¢7)| < € then
> stop := true (= YoP! := ")
> i else

> ' decrease A

> ,L/)cur = ,d’next

> J(wcur) = J(wnext)

> WAM[ +¢je4], 7=1,2,...,.M
> LM = ,d)next

> WAM[’!,[)neXt] = J(,d)next)

> else

> if A< A* then

> increase A

> LM = ,lpnext

> WAM[wneXt] = J(wnext)

> else

> stop := true (= Y°P := ")
> until stop=true

Table 1: Algorithm of the iterative parameter tuning method of Levenberg-Marquardt.

the Levenberg-Marquardt set of equations (63)’. The iterative routine stops if no significant
cost reduction is found for the calculated approximations of 1°P, which is represented by
a certain small value of constant € in the algorithm. It also stops if the method of steepest
descent is not converging any further, which is displayed by a certain large constant A* in the
algorithm. The iterative procedure of Levenberg-Marquardt described in Table 1 is applied
for the parameter tuning in the current studies.

3.2.3 Further aspects

Various general aspects of the parameter tuning method with regard to the cost-function, the
user provided parameters, and the implementation of the iterative algorithm are concisely
remarked in this section.

Firstly, some remarks about the choice of cost-function J and its relation to constant
A occurring in the Levenberg-Marquardt method are outlined. In literature alternative for-
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mulations of cost-function J exist, e.g cost J = JX 4+ JY of (45) is used by Holthuijsen et
al. (1996) and Voorrips (1998), whereas cost-function J = JX defined by (46) is applied by
Hersbach (1997, 1998) and Press et al. (1992). Applying the method of Newton to minimize
cost-function J = JX analogously to the derivation described in Section 3.2.1, one obtaines

the following linear system: _
A Ay =b, (65)

in which the components of square matrix A are defined by (56). An iterative method
together with its algorithm is described by Press et al. (1992) using cost-function J = JX,
which is based on the independent proposals of Levenberg (1944) and Marquardt (1963) and
is therefore referred to as the Levenberg-Marquardt method. Both proposals are based on
the required ability to adjust increment A1) calculated from (65) to ensure convergency. As
proposed by Press et al. (1992), linear system (65) is therefore replaced by

A" A = b, (66)

where the components of matrix A* are defined by

A (J #Fk)
Al = J < : 67
2 { C+NA;  (G=F), (o7
for 5,k = 1,2,..., M, in which parameter A adjusts increment A to ensure convergency.

Alternative cost-function J = JX + J¥ is used together with the optimization method of
Newton by Holthuijsen et al. (1996), resulting in linear system (54). Compared to system
(65), matrix components (55) show that additional cost-function J¥ already yields a more
diagonally dominant linear system producing a reduced increment At. It is noted that only
one iteration step of the method of Newton is performed in Holthuijsen et al. (1996), however.
In the present study, cost-function J = JX+J¥ is used and the Levenberg-Marquardt proposal
is applied to (54), resulting in (63) containing constant A to adjust increment A. Therefore,
optimization method (63) can be regarded as a generalization of the optimization methods
described in Hersbach (1997, 1998), Holthuijsen et al. (1996) and Press et al. (1992).

The following can be said regarding the user provided constants. Initially, the Levenberg-
Marquardt optimization method applies constant A = 0, which is equivalent to the method
of Newton. In case A should be increased, equations (63) can be solved for various values of
X to check its dependence on 1"®**. Initially increased constant A = 0.1 is experienced to be
a convenient value. Besides providing constant A, the user is required to define perturbation
vector € to 9" to calculate the differential quotients of the wave parameters. For this,
values €; = 5" /10 are experienced to be convenient. It is noted that, in each iteration step,
a WAM model run is performed for each perturbated control parameter vector % + £5€;, for
j=1,2,...,M. Cost J of these M perturbated control parmeters can be calculated, which
provides a useful insight into the behaviour of the cost-function.

One of the problems that generally arises using optimization routines is the difficulty of
predicting the effect of the choice of initial control parameter set on the iteratively calculated
approximations to the minimum. For example, the iterative method might diverge, converge
to a local (in stead of the global) minimum, or even to a maximum. These problems can not be
prevented at forehand because linearizations (51) and (53) are locally defined approximations.
Trial and error using different initial control parameters sets gain insight into their effect,
which is rather time consuming, however.
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As already mentioned, each iteration step of the Levenberg-Marquardt optimization method
requires, at least, M + 1 WAM model runs. For a large set of control parameters M this
is rather time consuming, implying that only a limited number of iteration steps can be
performed. Therefore, it is difficult to check the convergence in practice. Although only a
limited number of control parameters is considered in the present studies, this inefficiency is
a drawback of this numerical optimization method.

In the current studies, the iterative optimization method of Levenberg-Marquardt, which
minimizes cost-function (45) by solving system (63) according to the algorithm of Table 1,
is coded and implemented. It calculates, for a given initial set of control parameters and
its corresponding WAM model data, a next approximation to the set of optimal control
parameters and its cost. The iteration steps in the optimization algorithm are performed
interactively by the user. The tuning method is adopted to estimate several control parameters
introduced into the alternative wind input source terms of the WAM model as described in
the next section.
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4 Model results

The coupling parameterizations of WAM Cycel 4, the uncoupled air-sea interaction model
and the newly developed air-sea coupling module presented in Section 2 are tuned according
to wave observations at the North Sea by the iterative parameter estimation method outlined
in the former section. Model results obtained by these alternative tuned coupling models are
presented in this section. They are validated, intercompared and compared to those obtained
by the original WAM Cycle 4 model. Firstly, the experimental set up is described and the
wind input fields are analyzed.

4.1 Experimental set up

72N ........ ......... ........ ........ ________ ........ ........ ....... b oen
70 ........ ........ ........ ........ ........ ....... 700
68°
66°
64°
62°

60°

58°
56°[ %
540[ 7
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Figure 4: Location of observation stations AUK, EURO, K18 and IJM in the North Sea.

The numerical set up of the alternative WAM wave models, with or without modified source
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terms, is identical to that of NEDWAM (NEDerlands WAve Model), which is a North Sea
version of the global WAM model used operationally at KNMI. It takes into account the part
of the North Sea running from 50.67°N to 70.00°N and from 7.50°W to 16.50°E as shown
in Figure 4. This area is gridded by a spacing of 1/3 degree in latitudinal direction and 1/2
degree in longitudinal direction. The wave directions are discretized into 12 bins, and the
frequency grid contains 25 frequencies from 0.0418 up to 0.4117 Hz arranged according to a
logarithmic scale. The model propagation and source term integration time step is 600 s. The
model is driven by the given 10 meter wind velocities with a wind time step of 3 hours. The
WAM model output of the performed hindcast runs is archived every 3 hours. For further
details, see Burgers (1990) and Giinther et al. (1992).

Parameters occuring in the source functions (2) are tuned to balance the modified wind
input source term to the remaining source functions occurring in the WAM model. This
parameter tuning is performed for the (tuning) time period 1-30 December, 1998. Stormy
weather occurred on the North Sea at the beginning and the end of December accompanied
by hard winds, U1 ~ 20 ms™!, and large ocean waves Hy ~ 4.5 m, while more quiet weather,
Uip ~ 8 ms™! and H,; ~ 2 m, occurred in the middle of December. The combination of quiet
and stormy weather is necessary to create tuned parameters which are representative to all
kinds of weather. . _

Cost-function (45) is based on the error between the modelled and the observed values of
the integral wave parameters mean wave height (15) and peak frequency (16),

X1 = Hsa X2 = fpa (68)

together with their previously determined standard errrors oy, = 0.5 m and oy, = 1.0 Hz.
The misfit of these wave parameters is minimized at four observation stations AUK (56.4°N,
2.1°E), EURO (52.0°N, 3.3°E), K13 (53.2°N, 3.2°E) and IJM (52.6°N, 4.1°E), which are Wavec
buoys located near (oil-)platforms producing three-hourly wave observations. Figure 4 indi-
cates their locations. Reliable and fairly complete wave observation sets were available for
these stations. Although station NOC is located at the interesting northern part of the North
Sea, its observations are not applied in the current model tuning and validation studies be-
cause they consist of rather low quality and incomplete data sets for the time periods taken
into consideration.

The modified and tuned WAM models are validated and mutually compared for two dif-
ferent (validation) time periods, November 1 - December 21, 1997 and 1-24 January, 1998.
Stormy weather as well as quiet weather occurred during both validation time periods. Sta-
tistical quantities are used to compare the output of the different models to each other and
to the observations. The bias, standard deviation and root-mean-square of the error between
the modelled and observed values of a wave- or wind parameter ¢, for each observation station
Tp, m=1,...,4, are defined, respectively, by:

Tn

Bias(Gan) = 73 [C(on 1) ~ ™ (an,1)], (69)
=1
Tn

SDGen)? = 7> [Clon 1) — P (an ) — Bias(C,za)] (70)
. =1
T

RMS(Con)? = > [Clant) = ¢M(an,t)] ()
n l -
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where (°P% is the observation of the wave- or wind parameter ¢ and T}, is the number of
time instants for which observations ¢°® are available at station z,. The bias represents the
deviation of the mean modelled value of parameter ¢ from its mean observed value, while
the standard deviation reflects the mean fluctuation of the modelled error of ¢ around its:
mean. Note that a positive (negative) bias implies a mean over- (under-) approximation of ¢
compared to the observations. The root-mean-square is related to the bias and the standard
deviation by the Pythagorean theorem,

RMS? = Bias® + SD?. (72)

The number of available observations T}, of significant wave height H?" and peak frequency
f;,’bs at station z, is given in Tables 2 and 4 for each time period. The statistical quantities
are used for WAM model verification and for wind input analysis, as described in the next
section.

4.2 Wind input analysis

The input of the WAM model consists of wind velocity fields at 10 m height, which are required
every 3 hours. The atmospheric model HIRLAM (HIgh Resolution Limited Area Model),
which is used operationally at KNMI, provides these wind fields for each time period of the
hindcast WAM model runs. The wind velocity fields at 10 m height, which are previously
calculated by HIRLAM and interpolated to the WAM grid, are denoted by Ujyg.

The quality of the modelled wind input fields Uy is analyzed by their comparison to the
observed wind velocity fields. Wind velocities are not measured at the required 10 m height
at the considered observation stations, e.g. the wind sensor at oil-platforms AUK and K13 is
mounted on top of a high derrick, reaching 103.3 m and 73.8 m, respectively. Therefore, the
observed wind velocities are corrected to 10 m height according to Benschop (1996), which
are referred to as U{™.

Statistical quantities (69)-(71) are calculated for the modelled wind input parameter { =
Uy for each station and each time period. The relative errors are studied by using the mean

modelled and mean observed 10 m wind velocities for each station z,, n = 1,...,4, defined
by:
mod
Uro(zn) = Z Uo(zn,t1),  U(z ZUObS (Zn, 1), (73)

where Tpoq is the number of time instants for which Uy is calculated by the HIRLAM
model, equalling Ti,,qg = 240 for tuning time period Dec '98, and Ty,0q = 408 and 192 for
validation time periods Nov/Dec ’97 and Jan ’98, respectively. The number of observations
T,, of wind velocity USP* at station z,, is given in Tables 2 and 4 and the calculated statistics
are presented in Tables 3 and 5. The complete time series of the modelled Uy together with
their observations are displayed in Figures 11-13 of Appendix A.1 for each time period.

The statistics and time series show that the wind velocities during time period Dec’ 98
are accurately modelled by HIRLAM. Around 30% of the wind observation data is lacking
at AUK and IJM. The high winds at AUK are over-estimated by the model, while the lower
winds at the remaining stations are under-estimated during this time period.

For both time periods Nov/Dec ’97 and Jan ’98, the observations show rather low wind
velocities at station AUK compared to the observed winds at the other stations, which is
usually not the case. The modelled Uy show a high bias at station AUK, and only 60 — 80%
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Th Dec 98 )
(# obs) AUK EURO K13 IJM

Ugps 166 240 239 159
Hbs fobs || 226 240 239 168

Table 2: Number of observations T, of wind velocity Uyg, significant wave height Hs and peak
frequency f, at each observation station z, for tuning time period Dec ’98.

U10 [m/s] Dec 98

AUK EURO K13 IIM
BIAS 040 -0.82 —0.41 -0.28
SD 1.29 151 1.33  1.63
RMS 1.36 1.72 1.39 1.65
Ui 10.11 8.59 8.99  8.98
Usps 9.65  9.42 9.36  9.52

Table 3: Statistics of errors between modelled and observed wind input Uyg, and mean values
of modelled and observed Uyg at each observation station for tuning time period Dec ’98.

T, Nov/Dec 97 Jan ’98
(# obs) AUK EURO K13 IJM | AUK EURO K13 IJM
ebs 330 383 367 379 | 117 192 189 189
H;’bs, ;,’bs 332 388 367 408 118 192 189 191

Table 4: Number of observations T,, of wind velocity Uyg, significant wave height Hy and peak
frequency f, at each observation station x, for validation time periods Nov/Dec ’97 and Jan
’98.
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Ui [m/s] Nov/Dec 97 Jan 98

AUK EURO K13 IJM | AUK EURO K13 IJM |
BIAS 1.93 -1.09 -0.20 0.09 254 -—-1.17 -0.71 0.28
SD 1.63 1.35 1.21 1.63 2.30 1.11 1.46 1.51
RMS 2.53 1.73 1.22 1.64 3.43 1.61 1.63 1.54
Ui 9.82 7.91 8.64 8.46 9.82 10.48 10.62 10.80
Ufé’s 7.81 9.08 8.86 8.37 7.50 11.66 11.31 10.49

Table 5: Statistics of errors between modelled and observed wind input Uyg, and mean values
of modelled and observed Uiy at each observation station for validation time periods Nov/Dec
97 and Jan ’98.

of the observations at AUK are available for these periods. Nevertheless, the observations of
Ui at station AUK are taken into account for the model experiments because of its important
northern location at the modelled area of the North Sea. The modelled winds at AUK and
IJM are over-estimated, while they are under-estimated at EURO and K13.

Because the wave height is coupled to the wind input, it is expected that the WAM model
produces over- (under-) approximations of the wave heights at those stations for which over-
(under-) estimations to the wind input velocity are supplied. This consistency is assessed for
the various air-sea coupling models in Section 4.4.

4.3 Parameter tuning

The alternative parameterizations of the wind input source term described by the WAM
Cycle 4 model, the uncoupled air-sea model and the new air-sea coupling routine are balanced
against the remaining source functions in the WAM model. One or two control parameters
are introduced in each wave model, which are tuned against wave observations by applying
the iterative optimization method of Levenberg-Marquardt presented in Section 3.2.2. This is
done for tuning time period Dec "98 using the experimental set up for the North Sea described
in Section 4.1.

4.3.1 One control parameter

Firstly, one control parameter is considered in the wave models. The Charnock constant is
tuned in the uncoupled air-sea model, and the overall strength of the dissipation source term
is tuned in the new air-sea coupling module and the WAM Cycle 4 model.

Uncoupled air-sea scheme. The modified wind input source term in the WAM model
that does not incorporate the coupling back of the sea state to the wind velocity profile was
presented in Section 2.2. It assumes a zero coupling parameter, implying a constant Charnock
parameter @ = & through (6) and (8), resulting in relation (26). The Charnock constant is
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the only control parameter which is tuned in this uncoupled air-sea parameterization, i.e.

209

1!)1 —a=a= (74)
The first-guess control parameter is defined by o = 0.025 and the standard error is given
by o, = 0.0125.

The iterative parameter optimization method is executed to tune the Charnock control
parameter with regard to observations of Hs and f, at the four observation stations during
time period Dec ’98. It took 2 iteration steps of the Levenberg-Marquardt method and 5
WAM model runs in total to find the optimal value of a yielding minimal cost. The cost
of the current control parameter and its perturbated value required for the gradient of the
cost-function is calculated in each iteration step. Several additional WAM model runs have
been performed to display the global behaviour of the cost-function. Figure 5 shows an
approximate representation of cost J as a function of « found by interpolation.
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Figure 5: Cost-function J of control parameter ¥ = a representing Charnock constant & =
20g/u? in the uncoupled air-sea wave model.

The calculated optimized Charnock constant a°P! in the uncoupled air-sea interaction
parameterization reads

Pt = 0.035, (75)

as can also be seen from Figure 5. The tuned Charnock parameter produces minimal cost
J(0.035) = 1483, whereas the original WAM Cycle 4 model yields cost J = 1344 for the
same time period Dec ’98. An additional WAM model run of the uncoupled model using
aPt is performed for each validation time period Nov/Dec ’97 and Jan 98 yielding cost
J(0.035) = 3221 and 1211, respectively, whereas costs J = 3080 and 1139 are produced by
the original WAM Cycle 4 model. The cost of the tuned uncoupled model is slightly higher
for each time period compared to the cost obtained by the original WAM Cycle 4 model, but
it is still of the same order. Table 6 displays the calculated cost values.

Note that the tuned uncoupled air-sea model using optimized Charnock constant (75) is
equivalent to the original WAM Cycle 4 model applied with a constant coupling parameter
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y = 0.92 instead of dynamic air-sea coupling relation (8). The tuned uncoupled air-sea model
is validated and compared to the other air-sea parameterizations in Section 4.4.

New air-sea coupling module. The description of the new air-sea coupling model
is presented in Section 2.3. The wind input source function of the original WAM model is
replaced by a new parameterization. This new wind input source term is balanced against the
white-capping dissipation source term Sg;s of (12). A dimensionless control parameter ;s is
introduced into the modified wave model by replacing overall strength Cyis of the dissipation
source term Sgis of (12) by

Cais = YdisClis, (76)

where constant Cgis = 9.4 x 1079 is the value occurring in the original WAM Cycle 4 model.
The only control parameter which is tuned is ¥ = 14;s. The first-guess control parameter is
defined by w(fﬁs = 0.50 and the standard error is given by oy, = 0.05.
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Figure 6: Cost-function J of control parameter qis representing the overall strength of the
dissipation source term in the modified WAM model containing the new air-sea coupling pa-
rameterization.

The optimal value of ¥4;s producing minimal cost for tuning period of Dec ’98 is obtained
by performing 3 iterations of the Levenberg-Marquardt parameter optimization method and
6 WAM model runs. Figure 6 displays the interpolated cost-function of 445, found during
the iteration process together with several additional WAM model runs.

Figure 6 shows that the parameter optimization method yields the optimal control pa-
rameter 935", together with the corresponding tuned overall strength C$2° of the dissipation
source term,

P3P = 0.30, CP' =2.82 x 107°, (77)

producing minimal cost J(0.30) = 867, whereas the original WAM Cycle 4 model produces
cost J = 1344. An additional WAM model run of the new air-sea coupling scheme using
P2 is performed for both validation time periods Nov/Dec 97 and Jan 98 yiclding cost
J(0.30) = 1699 and 658, respectively, while J = 3080 and 1139 are obtained by the origi-
nal WAM Cycle 4 model. Table 6 displays the calculated cost values. The modified WAM
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model containing the new wind input source term together with the 70%-reduced dissipation
source term produces a considerably reduced cost compared to the original WAM Cycle 4
wave model for each time period. It is noted however, that this comparison is not completely
fair because the overall strength of the dissipation source term in the original WAM model
has not been tuned to this wave observation data set, this will be done in the following. The
tuned new air-sea coupling parameterization is validated and compared to the other air-sea
coupling models in Section 4.4.

Original WAM Cycle 4 model. Also the original WAM Cycle 4 model, described in
Section 2.1, is tuned with respect to the overall strength Cy;s of the dissipation source term
in order to make an honest comparison to the tuned new air-sea interaction module.

Control parameter 17 = 14;s of (76) is introduced into the dissipation source term Sg;s of
the original WAM model, where Cg;s = 9.4 x 1075, nggis = 1.0 and oy, = 0.05.
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Figure 7: Cost-function J of control parameter 4is representing the overall strength of the
dissipation source term in the original WAM Cycle 4 model.

The optimal value of 145 producing minimal cost for the tuning period of Dec ’98 is ob-
tained by performing 2 iterations of the Levenberg-Marquardt parameter optimization method
and 5 WAM model runs. Figure 7 displays the interpolated cost-function of 14;s, found during
the iteration process together with several additional WAM model runs.

Figure 7 shows that the parameter optimization method yields the optimal control pa-
rameter z/;ﬁf’st, together with the corresponding tuned overall strength Cgi‘;t of the dissipation
source term,

PP = 0.55, CPt =517 x 1075, (78)

producing minimal cost J(0.55) = 942, whereas the original WAM Cycle 4 model produces
cost J = 1344. An additional run of the tuned WAM Cycle 4 model using 1/)gipst is performed
for both validation time periods Nov/Dec ’97 and Jan 98 yielding cost J(0.55) = 2019 and
655, respectively, while J = 3080 and 1139 are obtained by the original WAM Cycle 4 model.

Table 6 displays the calculated cost values. It shows that the tuned WAM Cycle 4 model
containing the 45%-reduced dissipation source term produces a considerably decreased cost
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compared to the original WAM Cycle 4 wave model for each time period. Compared to the
tuned new air-sea parameterization (77), it produces a higher cost for tuning time: period
Dec ’98 and validation time period Nov/Dec ’97 and a slightly lower cost for validation time
period Jan 98, although they are still of the same order. The tuned WAM Cycle 4 model is
validated and compared to the other air-sea coupling models in Section 4.4.

4.3.2 Two control parameters

Both the Charnock constant and the overall strength of the dissipation source term are tuned
in the uncoupled air-sea model and the original WAM Cycle 4 model in order to intercompare
the three alternative air-sea interaction schemes.

- Uncoupled air-sea coupling scheme. Two control parameters are tuned in the WAM
model that incorporates the uncoupled air-sea parameterization described in Section 2.2.
These parameters are the Charnock constant & = « of (74) and the overall strength of the
dissipation source term g4;s introduced in (76). This means that cost-function J of the
2-dimensional control parameter vector

Y = (1,92)" = (6,%ais)” (79)

is minimized with respect to both components. The first-guess control parameter is defined
by ¥ = (afg,d)ggis)T = (0.01,1.0)T. The optimal control parameter vector t°?* producing
minimal cost is obtained by performing 3 iterations of the Levenberg-Marquardt method and
10 WAM model runs. Several additional model runs are performed to examine the global
behaviour of the cost-function. The calculated components of 1°P* are given by

ot =0.0125, P = 0.40, (80)

together with Cgﬁt = 3.76 x 107, The cost of optimized control parameter vector (80) reads
J(0.0125,0.40) = 897 for tuning time period Dec ’98, while J(0.0125,0.40) = 1837 and 668
are found for validation time periods Nov/Dec '97 and Jan ’98, respectively.

The results in Table 6 show that the tuned uncoupled air-sea model using parameters (80)
produces considerably reduced cost compared to the original WAM model and the uncoupled
air-sea scheme using tuned Charnock constant (75) only. It produces a slightly higher cost
compared to the new air-sea module using tuned dissipation (77) only, although they are still
of the same order. The tuned uncoupled model is validated and compared to the other air-sea
coupling models in Section 4.4.

Original WAM Cycle 4. Two control parameters are tuned in the original WAM
model in order to make an honest comparison between the two alternative air-sea coupling
modules. These parameters are constant & defined in relation (8) and the overall strength of
the dissipation source term 1q;s introduced in (76). This means that cost-function J of the 2-
dimensional control parameter vector v of (79) is minimized with respect to both components.
The first-guess control parameter is defined by '8 = (48, ’l/J(figiS)T = (0.01,1.0)T. The optimal
control parameter vector 1°P* producing minimal cost is obtained by performing 4 iterations
of the Levenberg-Marquardt method and 14 WAM model runs. Several additional model
runs are performed to examine the global behaviour of the cost-function. The calculated
components of the optimal control parameter vector 1°Pt are given by

G°Pt = 0.0060, PP = 0.57, (81)

32



Cost J [-] Tuning Validation
Dec '98 | Nov/Dec 97 Jan '98
& Ydis :
WAM C4 0.010  1.00 1344 3080 1139
Uncoupled | 0.035 1.00 1483 3221 1211
New air-sea - 0.30 867 1699 658
WAM C4 0.010 0.55 942 2019 655
Uncoupled | 0.0125 0.40 897 1837 668
WAM C4 0.0060 0.57 909 1983 645
Regression | 0.010  1.00 1433 3115 1193

Table 6: Cost J of control parameter ¥ = (&, 9qis)T obtained by the various (tuned) air-sea
coupling modules described in Sections 4.3.1, 4.3.2 and 4.4.1 for each time period (& = 0.010
and g5 = 1.00 are the original untuned values).

yielding C32* = 5.36 x 1075, The cost of the optimized control parameter vector (81) reads
J(0.006,0.57) = 909 for tuning time period Dec '98, while J(0.006,0.57) = 1983 and 645 are
found for validation time periods Nov/Dec '97 and Jan 98, respectively.

The results in Table 6 show that the tuned WAM Cycle 4 model using parameters (81)
produces considerably reduced cost compared to the original WAM model and the uncoupled
air-sea scheme using tuned Charnock constant (75) only. Compared to the WAM Cycle 4
model that is tuned to the dissipation only, it produces a reduced cost, although they are
still of the same order. It produces a slightly higher cost compared to the new air-sea module
using only tuned dissipation (77) for Dec "98 and Nov/Dec ’97, while it produces lower cost
for Jan 98, although they are still of the same order. The same holds for the uncoupled
air-sea module that is tuned for both control parameters as can be seen in Table 6. The
tuned WAM Cycle 4 model is validated and compared to the other air-sea coupling models
in Section 4.4.

4.4 Validation and comparison of air-sea coupling modules

The performances of the (tuned) WAM Cycle 4 model, the tuned uncoupled air-sea scheme
and the tuned new air-sea interaction parameterization are assessed in this section. These
coupling modules are verified and validated by comparing the wave model output to each
other and to the wave observations, which is done by studying statistics, time series and
scatter plots of various wave parameters.

4.4.1 Statistics and time series of tuning wave parameters

The calculated costs displayed in Table 6 show that the original WAM Cycle 4 model and
the tuned uncoupled air-sea scheme (o = 0.035) are expected to produce approximately
equally accurate results for Hs; and f,. The same holds for the remaining four tuned air-
sea parameterizations. It is noted that the original WAM Cycle 4 model produces under-
estimations of H, and fp, which is reflected by the negative biases of their modelling errors.
The time series show that H, is principally under-estimated for large waves during stormy
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periods where Ujg > 15 ms™1.

Firstly, the following is said concerning the numerical coupling parameter in the WAM
Cycle 4 model. Figure 2 in Section 2.1.2 presents regression curve y™8 of (21), describing
an explicit relationship for the numerical coupling parameter in the WAM model. This re-
gression curve is implemented into the WAM Cycle 4 model, replacing the original numerical
coupling parameterization (18). A WAM model run is executed for each time period and the
corresponding cost-function is calculated. The results are shown on the last row of Table 6.
It shows that the cost obtained by applying the implemented regression curve is only little
higher compared to the original WAM Cycle 4 model for each time period. Also the statistics
of the modelling errors of H, and f, are calculated, they are displayed on the last rows of
Tables 7-10. Comparing them to the statistics obtained by the original WAM Cycle 4 model,
it is found that both models produce equally accurate values of H, and f, at each station for
each time period. The time series of H;, which are not displayed here, show that the original
WAM Cycle 4 model produces wave heights which are at a few time instants approximately
only 10 cm larger. This holds except for one exceptional time instant at station AUK in Dec
'98 where Hs; > 11 m, here the original model produces an almost 1 m lower H, than the
model using the regression curve. One may conclude that numerical coupling parameter y in
the original coupling scheme in the WAM Cycle 4 model can be replaced by regression curve
(21) without losing the accuracy of the calculated Hy and f,.

The performance of the (tuned) WAM Cycle 4 model, the tuned uncoupled air-sea model
and the tuned new air-sea coupling module presented in the former section are studied by
considering the bias, standard deviation and root-mean-square of the modelling errors of wave
parameters ( = Hs and f, defined in (68)-(70). For tuning the modified wave models, these
wave parameters were taken into account by minimizing the misfit between their calculated
and observed values for time period Dec '98. The results of the calculated statistics are
presented in Tables 7 and 9. The tuned modified wave models are validated for time periods
Nov/Dec ’97 and Jan ’98. Again, the statistics of modelling errors of Hy and f, obtained
by the alternative coupling schemes are calculated, and the results are presented in Tables
8 and 10. The complete time series of significant wave height H; calculated by the original
WAM Cycle 4 model, the tuned uncoupled model (75), the tuned new air-sea coupling module
(77) and the tuned WAM Cycle 4 model (78) together with observations HSP® are presented
in Figures 14-16 of Appendix A.2. The time series and statistics are used to validate and
intercompare these air-sea coupling modules.

From the statistics and the time series it can be concluded that the performances of
the original WAM Cycle 4 model and the tuned uncoupled air-sea model (o = 0.035) are
approximately equally accurate with respect to H,; and f, for each time period, the original
coupled module performs just slightly better. The influence of the dynamic air-sea coupling
applied in the original WAM Cycle 4 model on the calculated significant wave height is
rather small compared to the uncoupled parameterization. The remaining four tuned coupling
modules show a reduction of the root-mean-square of the modelling errors of H, and f, for
each time period. It is clear that the standard deviation is not affected much by the parameter
tuning, which means that the decreased root-mean-square for the tuned new coupling module
is caused by a reduced bias through (72).

Comparison of the results obtained by the original WAM Cycle 4 model to those obtained
by the tuned new air-sea module (¢g;s = 0.30) and the tuned WAM Cycle 4 model (1qis =
0.55) leads to the conclusion that both tuned schemes perform significantly better than the
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H; [m] Dec 98

AUK EURO K13 IJM
& Vdis BIAS

WAM C4 0.010 1.00 | —0.42 -0.33 —-0.36 —0.25

Uncoupled | 0.035 1.00 | —044 -0.36 —0.39 —0.27

New air-sea — 0.30 0.10 -0.04 0.02 0.07

WAM C4 0.010 0.55 || —0.01 —-0.14 —-0.10 0.00

Uncoupled | 0.0125 0.40 0.03 -0.12 -0.06 0.00

WAM C4 0.0060 0.57 || —0.03 -—-0.14 —0.10 0.00

Regression | 0.010 1.00 | —0.45 —-0.35 —-0.38 —0.28

& tdis SD

WAM C4 0.010 1.00 0.41 0.27 0.34 0.28
Uncoupled | 0.035 1.00 0.42 0.27 0.34 0.28
New air-sea — 0.30 0.44 0.27 0.33 0.30
WAM C4 0.010 0.55 0.45 0.27 0.33 0.32
Uncoupled | 0.0125 0.40 0.44 0.26 0.33 0.30
WAM C4 0.0060 0.57 0.46 0.26 0.32 0.32
Regression | 0.010 1.00 0.43 0.27 0.34 0.28

& "/Jdis RMS

WAM C4 0.010 1.00 0.58 0.43 0.49 0.38
Uncoupled | 0.035 1.00 0.61 0.45 0.51 0.39
New air-sea - 0.30 0.45 0.27 0.33 0.31
WAM C4 0.010 0.55 0.45 0.30 0.34 0.32
Uncoupled | 0.0125 0.40 0.44 0.29 0.33 0.30
WAM C4 0.0060 0.57 0.46 0.30 0.34 0.32
Regression | 0.010 1.00 0.62 0.44 0.51 0.39

Table 7: Bias, standard deviation and root-mean-square of the modelling error of H, obtained
by the (tuned) WAM Cycle 4 model, the tuned uncoupled air-sea model and the tuned new
air-sea coupling module at each station for tuning time period Dec '98.



H; [m] Nov/Dec ’97 Jan 98
AUK EURO K13 1M | AUK EURO K13 IJM

& Ydis BIAS BIAS
WAM C4 0.010 1.00 | —-0.49 -0.32 -0.47 -0.20 | -0.38 -0.39 -0.44 -0.25
Uncoupled | 0.035 1.00 || -0.50 -0.35 —-0.49 -0.23 | —-0.39 -0.41 —-0.46 -0.27
New air-sea - 0.30 0.00 -0.05 -0.10 0.08 0.13 -0.13 -0.07  0.05
WAM C4 0.010 0.55 || —0.12 -0.15 -0.23 —0.01 0.04 -0.12 -0.11 0.06
Uncoupled | 0.0125 0.40 | —0.06 —0.13 —0.20 0.00 0.06 -0.16 —0.12 0.02
WAM C4 0.0060 0.57 | —0.14 -0.15 —-0.24 -0.01 0.01 -0.14 -0.13 0.04
Regression | 0.010 1.00 | -0.50 -0.3¢ -048 -0.22 | -0.39 -0.41 -0.46 —0.28

& Yais SD SD

WAM C4 0.010 1.00 0.31 0.24 0.25 0.26 0.45 0.31 0.39 0.30
Uncoupled | 0.035 1.00 0.31 0.24 0.25 0.26 0.44 0.30 0.39 0.29
New air-sea - 0.30 0.31 0.24 0.23 0.25 0.46 0.29 0.38 0.28
WAM C4 0.010  0.55 0.34 0.27 0.25 0.31 0.47 0.31 03¢ 0.31
Uncoupled | 0.0125 0.40 0.31 0.25 024  0.27 0.46 0.30 0.38 0.27
WAM C4 0.0060 0.57 0.32 0.27 0.25 0.30 0.45 0.31 0.34  0.31
Regression | 0.010 1.00 0.31 0.24 0.25 0.26 0.45 0.31 0.39 0.30

& Ydis RMS RMS
WAM C4 0.010 1.00 0.58 0.40 0.53 0.33 0.58 0.50 0.59 0.39
Uncoupled | 0.035 1.00 0.59 0.42 0.55 0.35 0.59 0.51 0.60 0.40
New air-sea - 0.30 0.31 0.24 0.26 0.27 0.48 0.32 0.39 0.28
WAM C4 0.010  0.55 0.36 0.31 0.35 0.31 0.47 0.34 0.36 0.32
Uncoupled | 0.0125 0.40 0.32 0.28 0.31 0.27 0.46 0.34 0.40 0.27
WAM C4 0.0060 0.57 0.35 0.30 0.35 0.30 0.45 0.34 0.37  0.32
Regression | 0.010  1.00 0.59 0.41 0.55 0.34 0.59 0.51 0.60 041

Table 8: Bias, standard deviation and root-mean-square of the modelling error of H obtained
by the (tuned) WAM Cycle 4 model, the tuned uncoupled air-sea model and the tuned new
air-sea coupling module at each station for validation time periods Nov/Dec 97 and Jan ’98.
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fp [Hz] Dec 98

AUK EURO K13 IJM
& Ydis BIAS

WAM C4 0.010 1.00 || -0.54 -0.35 —0.40 —0.33

Uncoupled | 0.035 1.00 || —0.57 -0.38 —0.44 —-0.37

New air-sea — 0.30 | -0.23 -0.10 -0.14 -0.11

WAM C4 0.010 055 || —0.24 -0.16 —-0.18 -0.11

Uncoupled | 0.0125 0.40 || —0.12 —-0.06 —0.08 —0.04

WAM C4 0.0060 0.57 | —0.24 -0.15 —-0.17 -—0.10

Regression | 0.010 1.00 | —0.52 -0.33 —-0.39 —-0.33

a Pdis SD
WAM C4 0.010 1.00 0.72 0.70 0.59 0.59
Uncoupled | 0.035 1.00 0.75 0.75 0.62 0.62
New air-sea — 0.30 0.76 0.74 0.64 0.60
WAM C4 0.010 0.55 0.78 0.76 0.69 0.65
Uncoupled | 0.0125 0.40 0.79 0.78 0.67 0.65
WAM C4 0.0060 0.57 0.75 0.73 0.67 0.63
Regression | 0.010 1.00 0.74 0.73 0.60 0.61

& Ydis RMS

WAM C4 0.010 1.00 0.90 0.79 0.71 0.68
Uncoupled | 0.035 1.00 0.94 0.84 0.76 0.72
New air-sea - 0.30 0.79 0.74 0.65 0.61
WAM C4 0.010 0.55 0.81 0.77 0.71 0.66
Uncoupled | 0.0125 0.40 0.79 0.78 0.68 0.65
WAM C4 0.0060 0.57 0.78 0.75 0.69 0.64
Regression | 0.010 1.00 0.90 0.81 0.72 0.69

Table 9: Bias, standard deviation and root-mean-square of the modelling error of f, obtained
by the (tuned) WAM Cycle 4 model, the tuned uncoupled air-sea model and the tuned new
air-sea coupling module at each station for tuning time period Dec 98.

37



fp [Hz] Nov/Dec 97 Jan ’98
AUK EURO K13 IJM | AUK EURO K13 IJM

& Y BIAS BIAS
WAM C4 0.010 100 | -0.79 -0.44 -0.69 -0.51 | —0.61 —-0.41 —-0.43 -0.47
Uncoupled | 0.035 1.00 || —0.83 —-042 —-0.68 -—-0.50 | —0.68 —-0.46 —-0.48 —-0.51
New air-sea — 0.30 | —-0.42 -0.11 -0.33 -0.18 | -031 -0.29 -0.26 -0.31
WAM C4 0.010 0.55 || -0.51 -0.21 -045 -0.29 | -0.33 -027 -0.24 -—-0.28
Uncoupled | 0.0125 0.40 || —-0.38 -0.07 -031 —-0.14 | -0.28 -0.22 —-0.18 -0.22
WAM C4 0.0060 0.57 || -0.50 -0.24 -046 -0.29 | -0.32 -0.25 —-0.23 -0.27
Regression | 0.010 1.00 | -0.79 —-042 -0.66 —-0.50 | —0.63 —-0.43 -0.44 -0.48

& Pdis SD SD

WAM C4 0.010 1.00 1.14 0.79 0.66 0.91 0.66 0.63 0.51 0.62
Uncoupled | 0.035 1.00 1.13 0.86 0.67 0.90 0.68 0.65 0.52 0.65
New air-sea - 0.30 1.04 0.79 0.68 0.92 0.67 0.58 0.52 0.60
WAM C4 0.010 0.55 1.09 0.81 0.65 0.88 0.67 0.60 0.52 0.59
Uncoupled | 0.0125 0.40 1.08 0.87 0.70 0.90 0.67 0.65 0.57 0.63
WAM C4 0.0060 0.57 1.09 0.77 0.64 0.88 0.66 0.60 0.51 0.58
Regression | 0.010  1.00 1.13 0.82 0.65 0.90 0.67 0.64 0.51 0.63

& Ydis RMS RMS
WAM C4 0.010 1.00 1.38 0.90 0.96 1.04 0.90 0.75 0.66 0.78
Uncoupled | 0.035 1.00 1.40 0.96 0.95 1.03 0.96 0.80 0.71 0.83
New air-sea — 0.30 1.12 0.80 0.76 0.94 0.74 0.65 0.58 0.67
WAM C4 0.010 0.55 1.20 0.84 0.79 0.93 0.75 0.66 0.57 0.65
Uncoupled | 0.0125 (.40 1.15 0.87 0.77 0.91 0.72 0.69 0.60 0.67
WAM C4 0.0060 0.57 1.20 0.81 0.79 0.93 0.73 0.65 0.56 0.64
Regression | 0.010 1.00 1.38 0.92 0.93 1.03 0.91 0.77 0.68 0.79

Table 10: Bias, standard deviation and root-mean-square of the modelling error of f, obtained
by the (tuned) WAM Cycle 4 model, the tuned uncoupled air-sea model and the tuned new
air-sea coupling module at each station for validation time periods Nov/Dec ’97 and Jan '98.
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original WAM model with respect to H,; and f, for each time period. Especially the biases of
the modelling errors of H; and f, are reduced considerably, the standard deviation remains
more or less the same. The tuned new air-sea module performs slightly better than the tuned
WAM Cycle 4 model with respect to H; and fp,, whereas the latter one estimates the extreme
wave heights more accurately.

The tuned WAM Cycle 4 models (¢4is = 0.55) and (& = 0.0060, 4is = 0.57) perform
significantly better than the original WAM model with respect to Hy and f,, especially the
bias of their modelling errors is reduced for each time period. Both tuned WAM Cycle 4
models perform equally accurate, the profit gained by the additional tuning of the Charnock
constant is restricted to a reduced bias for fp.

Comparison of the results obtained by the tuned uncoupled air-sea modules (o = 0. 035)
and (a = 0.0125, 14is = 0.40) leads to the remark that the latter model produces most
accurate output data of H; and f, for each time period. Especially the bias is reduced, the
standard deviation of the modelling error remains approximately the same. It shows that
the influence of tuning of the strenght of the dissipation source term is more important than
tuning the Charnock constant in the uncoupled air-sea parameterization.

The three different air-sea coupling modules can be intercompared by considering the
tuned new air-sea. coupling module (14;s = 0.30), the tuned uncoupled air-sea model (a =
0.0125, 1gi;s = 0.40) and the tuned WAM Cycle 4 model (& = 0.0060, 14 = 0.57). It is
clear that each of them performs better than the original WAM Cycle 4 model, especially the
bias of the modelling errors of Hy and f, is reduced, whereas the standard deviation remains
approximately the same. The three tuned air-sea coupling modules perform equally accurate,
the tuned WAM Cycle 4 model estimates the extreme wave heights most accurately. It is
difficult to conclude which one to prefer above the other as there appears to be no structural
relation between the accuracy of the model output, wave parameters, observation stations,
time period or type of weather.

The wind input analysis performed in Section 4.2 shows in Tables 3 and 5 that the modelled
input wind velocities at several stations (AUK and IJM) are over-estimated, while those at
other stations are under-estimated. Because the wave height is directly influenced by the wind
velocity, it is expected that the wave models produce consistent over- and under-estimations
of Hy at the corresponding stations. The calculated statistics of the modelling errors of H
in Tables 7 and 8 show that this concistency does not hold for the original WAM Cycle 4
model and the tuned uncoupled air-sea model (a = 0.035), reflected by the negative biases of
the modelling errors of H; at AUK and IJM. The remaining tuned air-sea coupling modules
show this consistency only for time period Jan '98. During the other time periods, the tuned
new air-sea coupling module is the only one producing wave heights that are consistent to
the winds, which is an advantage of this coupling routine over the other coupling schemes.

4.4.2 Various scatter plots and time series

The performance of the three alternative air-sea coupling modules is assessed by studying
various scatter plots and time series concerning the drag coefficient, air-sea coupling parameter
and Charnock parameter which are derived from the wave model output. In this section only
the output of the WAM model runs performed by the original WAM Cycle 4 model, the tuned
uncoupled air-sea scheme (o = 0.035) and the tuned new air-sea coupling parameterization
(1hgis = 0.30) is used.

Figure 8 shows scatter plots of calculated drag coefficient Cp = u2/U?, versus wind
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Figure 8: Drag coefficient Cp versus Uiy obtained by the WAM Cycle 4 model, the tuned
uncoupled air-sea model and the tuned new air-sea coupling module at the four observation
stations for tuning time period Dec ’98 and validation time periods Nov/Dec 97 - Jan '98.

velocity Ujg for each coupling module for the tuning time period and both validation time
periods. It is obvious that the original WAM Cycle 4 model produces more scatter of the
calculated Cp compared to the tuned new coupling module. The plots for the tuned new
air-sea coupling module suggest a direct relation between Cp and Ujg. All coupling modules
show an increasing tendency of Cp for large values of Ujg. This increase is less steep for the
new coupling module than for the original WAM Cycle 4 model, which covers a somewhat
broader range of Cp values.

Figures 17-19 in Appendix A.3 show the time series of calculated numerical coupling
parameter y for the original WAM Cycle 4 model and for the tuned new air-sea coupling
module for each observation station and all time periods. It is apperent that the coupling
parameters calculated by the tuned new air-sea parameterization are smaller, covering a
smaller range of values, than those used by the original WAM Cycle 4 model.

The relative cumulative frequency distribution obtained by each air-sea coupling model
is displayed for each station in Figure 9. It represents the relative number of times a certain
value of coupling parameter y is used during the WAM model run at the corresponding station
during the three time periods. The displayed cumulative distributions show a rapid increase
for those values of the coupling parameter which are often calculated during the model runs.
It is clear that the tuned new air-sea coupling module uses lower values of y, while both
tuned WAM Cycle 4 models use higher values of y, also near the critical discontinuity value
1, compared to the original WAM Cycle 4 model.

The scatter plots of calculated coupling parameter versus wind velocity Uy are presented
in the four most right pictures in Figure 10 for the WAM Cycle 4 model and the tuned new
coupling module. They show that the WAM Cycle 4 model produces much more scatter of
the coupling parameter within a broader range compared to the new coupling module. Both
modules show an increasing tendency between the coupling parameter and Ujp. The values
of y obtained by WAM Cycle 4 are mainly located at value 0.8, while those obtained by the

40



AUK

1.0 ﬁ p; B 1.0
7/ s
0.8 0.8 ;
L osf 1 o6 A
o a / R
S 0.4F ] & 0.4 ,/ S
© 4 o/
0.2F ] 0.2 o ]
0.0 . . . 0.0 ,
00 02 04 06 08 1.0 0.0 0.8 1.0
y [-] y [-]
K13 IUM
1.0 z 1.0 g
// i i
0.8F , i 0.8 i
ik / o ik i
o6k ; s 106 e
] / ! o] / ,
& 04F / A & 0.4 ’ A
[0 Ve ',"/ [o'4 Ve .'/'
/ O ‘
0.2f o ] 02r .
00le===F""__, . . 005 . ,
00 02 04 06 08 1.0 0.0 02 04 06 08 1.0
y [-] y [-]

Figure 9: Relative cumulative frequency distribution of the coupling parameter for the WAM
Cycle 4 model (—), tuned new air-sea coupling module (——), tuned WAM Cycle 4 model
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new coupling module are smaller and more evenly distributed for Ujg. The numerical limiter
described by (18) is not applied for the performed calculations of the WAM Cycle 4 model.
The two left most pictures in Figure 10 show the scatter plots of coupling parameter y of the
WAM Cycle 4 model versus Uy for the limited range 0.9 < y < 1.0. It is found that y < 0.98
for the WAM Cycle 4 model and y < 0.89 for the new coupling module for all time periods.

The numerical limiter L of (22) is introduced in the original WAM Cycle 4 model for
numerical stability reasons. It is also applied in the tuned uncoupled air-sea model and the
tuned new air-sea coupling module, although it is not directly related to the parameterization
of the air-sea interaction process. The impact of numerical limiter L is assessed by studying
ratio € defined in (24). The time series of ratio ¢ for the three alternative coupling modules
are presented in Figures 20-22 of Appendix A.4. The limiter is not applied if ¢ = 1, but
smaller values € < 1 mean a larger impact of the limiter on the calculated spectral solution.
The time series of ¢ for the WAM Cycle 4 model and the tuned uncoupled air-sea model are
similar. They show much more and much larger peaks of ¢ < 1 compared to the time series
of the tuned new air-sea coupling module. This means that the limiter is more frequently
applied and causing a larger impact on the numerical spectral solution by the original WAM
Cycle 4 model compared to the new air-sea coupling module. Although this limiter is not
directly connected to the air-sea coupling scheme, the new air-sea coupling module apperently
generates a numerically more stable scheme with regard to this limiter.
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5 Summary and conclusions

This report assesses three alternative parameterizations of the air-sea interaction in the WAM
wave model. The first describes the original air-sea coupling of WAM Cycle 4 by Janssen
(1989, 1991), the second uncouples the sea state influence on the wind profile and the third
describes a new air-sea coupling module presented by Makin and Kudryavtsev (1999). Both
physics and numerics of these coupling schemes are discussed.

Several drawbacks of the air-sea coupling in the original WAM Cycle 4 model are stressed,
concerning the use of the Charnock relation to describe the roughness length and the param-
eterization of the growth rate by Miles theory. Besides that; the inconsistent numerical
implementation of the coupling parameter and the use of a pre-described high-frequency tail
of Phillips are mentioned. The new air-sea coupling module applies a modern advanced pa-
rameterization. It calculates the fluxes directly, the Charnock relation and the concept of
roughness length are not used and the new growth rate parameterization is based on rapid
distortion theory of turbulence above waves. Besides that, the high-frequency tail is accu-
rately approximated and the coupling is complete by a consistent numerical implementation.
These alternative air-sea parameterizations are developed, coded and implemented into the
WAM model. .

An iterative parameter tuning algorithm is developed based on a finite difference approach
together with the Levenberg-Marquardt optimization method, which efficiently combines the
method of steepest descent and the method of Newton. It minimizes a cost-function rep-
resenting the misfit between calculated wave model data and North Sea buoy observations.
This parameter tuning method is coded and implemented. It is applied to tune the Charnock
constant in the original and uncoupled air-sea parameterization and/or the energy dissipation
function against one of the three air-sea coupling modules with respect to several wave param-
eters at four stations during a time period of one month. The tuned modules are validated
and intercompared by using the North Sea buoy wave observations of two independent time
periods.

It is noted, that the coupling modules are tuned especially for the North Sea area in the
current studies, which is, in contrast to a deep ocean, a shallow sea containing an influential
bathymetry. Application of the various wave models to an ocean, sea or lake different from
the North Sea requires a re-tuning of the control parameters by taking into account wave
parameter observations of that particular area.

Firstly, it is concluded that the original WAM Cycle 4 model produces equally accurate
wave heights and peak frequencies compared to the uncoupled air-sea module using a tuned
fixed Charnock constant, or compared to the module that replaces the coupling parameter by
a pre-described regression curve. It shows that the wind and the waves are not fully coupled
by the numerical scheme of the original WAM Cycle 4 model. The use of the dynamic
computationally expensive coupling parameter is not obvious.

The WAM Cycle 4 model produces structural under-estimations of the wave heights and
peak frequencies. Tuning the several (new) air-sea parameterizations leads to a considerably
reduced overall strength of the wave energy dissipation which restores these under-estimations
by reducing the biases of the modelling errors of these wave parameters. Their standard
deviations are not reduced, however.

The WAM Cycle 4 model and the uncoupled air-sea model, tuned for both the Charnock
parameter and the dissipation strength, and the new air-sea interaction module, tuned for
the dissipation strength, produce more accurate wave heights and peak frequencies than the
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original untuned WAM Cycle 4 model. The biases of the modelling errors of these wave
parameters are reduced, but their standard deviations are not. The tuned original model
produces more accurate extreme wave heights compared to the other models.

A more consistent relation between the wind input fields and the modelled wave heights
is obtained by the tuned new air-sea interaction scheme. Besides that, the tuned new air-
sea coupling module produces little scatter between various wave parameters, it uses smaller
values of the coupling parameter avoiding possible singularities and it is shown to be more
numerically stable with respect to a certain applied limiter. The numerical implementation
of the physics concerning the air-sea coupling is more consistent for the new coupling param-
eterization.

It may be concluded that the new air-sea coupling parameterization is preferred to the
original air-sea coupling scheme currently applied in the WAM Cycle 4 model. The benefits
obtained by this new coupling module are marginal, however. It can be said that the air-
sea coupling module applying the Charnock relation, possibly even using a fixed Charnock
constant, suffices the purpose of wave prediction. On the other hand, the effects of the alter-
native air-sea coupling modules may not be distinctly shown, caused by possible remaining
numerical artifacts in the WAM model concerning parameterizations and numerics of wave
processes other than the air-sea coupling. This may require a more detailed revision of the
(numerical) WAM model.

The assessment of effects on atmospheric processes by the alternative coupling modules
requires their incorporation into models which couple the ocean and the atmosphere dynam-
ically, like ECAWOM or operational weather prediction models.
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Figure 11: Calculated Uy according to HIRLAM after interpolation (—) and observations
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Figure 12: Clalculated Uyg according to HIRLAM after interpolation (—) and observations
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Figure 13: Calculated Uy according to HIRLAM after interpolation (—) and observations
USYs (+) for validation time period Jan ’98 at each observation station.
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A.2 Significant wave height
Tuning period Dec 98:
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Figure 14: Calculated Hs according to the original WAM Cycle 4 model (& = 0.01, g5 = 1.0)
(black), tuned uncoupled air-sea model (o = 0.035) (green), tuned new air-sea coupling module
(tbais = 0.30) (red), tuned WAM Cycle 4 model (4is = 0.55) (blue), and observations HOP
(+) for tuning time period Dec ’98 at each observation station.
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Figure 15: Calculated H according to the original WAM Cycle 4 model (& = 0.01, 1455 = 1.0)
(black), tuned uncoupled air-sea model (oo = 0.035) (green), tuned new air-sea coupling module
(bais = 0.30) (red), tuned WAM Cycle 4 model (s = 0.55) (blue), and observations HOP
(+) for validation time period Nov/Dec ’97 at each observation station.
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Figure 16: Calculated Hs according to the original WAM Cycle 4 model (& = 0.01, g5 = 1.0)
(black), tuned uncoupled air-sea model (o: = 0.035) (green), tuned new air-sea coupling module

(bais = 0.30) (red), tuned WAM Cycle 4 model (gis = 0.55) (blue), and observations HOS
(+) for validation time period Jan 98 at each observation station.
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A.3 Air-sea coupling parameter
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Figure 17: Coupling parameter y for the original WAM Cycle 4 model (—) and the tuned new
air-sea coupling module (——) at each observation station for tuning time period Dec ’98.
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Figure 18: Coupling parameter for the original WAM Cycle 4 model (—) and the tuned new
air-sea coupling module (——) at each observation station for validation time period Nov/Dec

"97.
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Figure 19: Coupling parameter for the original WAM Cycle 4 model (—) and the tuned new
air-sea coupling module (——) at each observation station for validation time period Jan ’98.

A.4 Numerical limiter
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Figure 20: Ratio € describing the impact of the limiter in the original WAM Cycle 4 model
(black), the tuned uncoupled air-sea model (green) and the tuned new air-sea coupling module
(red) at each observation station for tuning time period Dec ’98.

52



Validation period Nov/Dec 97:

AUK EURO )
1.00 T ; i'{ T 1.00fT] nv[ .“ |]|‘|
0.90 “ P 0.90 Pl
| i T ’ !
— 0.80 — 0.80 P
< c H
L2 k) |
% 0.70 % 0.70 } i
a a
o o | |
0.60 0.60F" |
0.50 0.50
0 100 200 300 400 500 0 100 200 300 400 500
Time [3h] (Nov/Dec 97) Time [3h] (Nov/Dec 97)
K13 UM
1.00 ' ,| L] ” [” I 1.00 »" ” Ty
0.90¢] ‘ bl 0.90
] ' : T i
— 0.80 ! — 0.80F! ! !
c [ € |
H ! s oo
B 0.70 L @ 070F | | |
a i a i -
) o I
0.60 0.60 |
0.50 0.50
0 100 200 300 400 500 0 100 200 300 400 500

Time [3h] (Nov/Dec 97) Time [3h] (Nov/Dec 97)

Figure 21: Ratio € describing the impact of the limiter in the original WAM Cycle 4 model
(black), the tuned uncoupled air-sea model (green) and the tuned new air-sea coupling module
(red) at each observation station for validation time period Nov/Dec ’97.
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Figure 22: Ratio € describing the impact of the limiter in the original WAM Cycle 4 model
(black), the tuned uncoupled air-sea model (green) and the tuned new air-sea coupling module
(red) at each observation station for validation time period Jan ’98.
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