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1 Introduction

1.1  About this manual

This is the user manual and system documentation of version 2.22 of the full-
spectral third-generation wind-wave model WAVEWATCH III (henceforth
denoted as WWATCH). WWATCH has been developed at the Marine Mod-
eling and Analysis Branch (MMAB) of the Environmental Modeling Center
(EMC) of the National Centers for Environmental Prediction (NCEP). It is
based on WAVEWATCH I and WAVEWATCH II as developed at Delft Uni-
versity of Technology, and NASA Goddard Space Flight Center, respectively.
WWATCH differs from its predecessors in all major aspects; i.e., governing
equations, program structure, numerical and physical approaches.

This manual describes the governing equations, numerical approaches,
compilation, and running of WWATCH. The format of a combined user
manual and system documentation has been chosen, to give users the neces-
sary background to upgrade the model according to their own specifications.
Whereas this document is intended to be complete and self-contained, this
is not the case for all elements in the system documentation. For additional
system details, reference is made to the source code, which is fully docu-
mented.

The governing equations and numerical approaches used in WWATCH
are described in chapters 2 and 3. Running the model is described in chap-
ter 4. Installing WWATCH is described in chapter 5. Finally, a short system
documentation is given in chapter 6. A thorough knowledge of WWATCH
can be obtained by following chapters 2 through chapter 5. A shortcut is to
first install the model (chapter 5), and then successively modify input files
in example runs (chapter 4).

The previously released version of WWATCH is version 1.18. Since this re-
lease major code changes have been introduced. Although transparent for
the physics and numerics, a major change was the conversion to FORTRAN
90. With this change, the code has been entirely reorganized in modules, all
COMMON blocks have been removed, and all relevant arrays have been made
allocatable. The latter removes the necessity to recompile models for new
applications. The grid preprocessor automatically produces default model
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setting, unless these values are overwritten with optional namelist input. De-
fault setting for numerical schemes and physics parameterizations are now
also identified. Cray shared memory parallelization directives have been re-
placed by more generally applicable OpenMP directives. With these changes,
the GRIB post-processor! has been made part of the general distribution, as
well as graphical postprocessing using GrADS 2 software. The NCAR graph-
ical post-processors have been discontinued. This publication thus replaces
Tolman (1999a,b), whereas Tolman (1999c¢) has become obsolete.

Additional changes to the model include new physics and numerical op-
tions and approaches. New physics parameterizations include of exact nonlin-
ear interactions using the Webb-Resio-Tracy method as provided by Gerbrant
Ph. van Vledder (Van Vledder, 2002b). New numerical approaches include
the change of a central to forward time integration scheme for the source
terms, and additional options for numerical propagation schemes. Also new
are new Garden Sprinkler Effect alleviation methods, as described in Tolman
(2002a), and a method to deal with unresolved islands and ice as described
in Tolman (2002e). Finally, the model can now be run on either a spherical
(longitude-latitude) grid, or on a Cartesian grid. A review of the impact
of all these changes on NCEP’s operational wave models can be found in
Tolman (2002d).

Finally, the new model is prepared for data assimilation, with a general
data ingest procedure, and an interface routine to include data assimilation
software. Actual data assimilation software is not provided at this time.

Two final notes of caution. First, the model definition files for the new ver-
sion of WWATCH are not downward compatible. It is therefore prudent to
set up the new version of WWATCH in its own separate directory structure.
Secondly, WAVEWATCH III includes wave-current interactions. The imple-
mentation of these interactions has only been tested in idealized test cases.
Tests with realistic conditions have not yet been performed.

Up to date information on this model can be found (including bugs and bug
fixes) on the WAVEWATCH III web page, and comments, questions and
suggestions should be directed to the corresponding E-mail address

! Requires user-supplied GRIB packing routines.
2 See http://www.iges.org/grads for source code and description.
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http://polar.ncep.noaa.gov/waves/wavewatch
NCEP.EMC.wavewatch@NOAA.gov

Questions regarding the WRT nonlinear interaction routines should be di-
rected to Gerbrant Ph. van Vledder

vledder@alkyon.nl

1.2 Disclaimers

The National Weather Service (NWS) supplies the source code of WAVE-
WATCH III and additional utilities as public domain software, which may
be used freely by the public. For any use, proper reference should be made
to the origin of the software, and all modifications by the user should be
properly documented.

The user assumes the entire risk related to the use of this software. NWS
is providing the software ‘as is’, and NWS disclaims any and all warranties,
whether express or implied, including (without limitation) any implied war-
ranties of merchantability or fitness for a particular purpose. In no event will
NWS be liable to you or any third party for any direct, indirect, incidental,
consequential, special or exemplary damages or lost profit resulting from use
or misuse of this software.

The Marine Modeling and Analysis Branch (MMAB) of the Environmental
Modeling Center (EMC) of the National Centers for Environmental Pre-
diction (NCEP) of NWS, will not provide support for implementation or
execution of WAVEWATCH III.

All above disclaimers of NWS also apply to individual authors of the WAV E-
WATCH III source code and corresponding publications.
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1.3 Contributors and acknowledgments

Even in its original development, when I was working on the WWATCH
code mostly on my own, many have contributed to the success of the model.
With the expansion of physical and numerical parameterizations available,
the list of contributors to this model is growing. I would like to recognize
the following contributors (in alphabetic order) :

Nico Booij (Delft University of Technology, The Netherlands)
Original design of source code pre-processor (w3adc), basic method
of documentation and other programming habits. Spatially varying
wavenumber grid.

Dmitry V. Chalikov (UCAR - NOAA/NCEP, USA)
Co-author of the Tolman and Chalikov (1996) input and dissipation
parameterizations and source code.

Gerbrant Ph. van Vledder (Alkyon Hydraulic Consultancy & Research, NL)
Provided the routines and documentation for the Webb-Resio-Tracy
exact nonlinear interaction routines, as well as some of the original
service routines.

The development of WAVEWATCH III has been an ongoing process for well
over a decade. The development of WAVEWATCH I was entirely funded
through my Ph.D. work at Delft University. The development of WAVE-
WATCH II has been funded entirely through my position as a National Re-
search Council Resident Research Associate at NASA, Goddard Space Flight
Center. The initial development of WAVEWATCH III version 1.18 was en-
tirely funded by NOAA/NCEP, with most funding provided by the NOAA
High Performance Computing and Communication (HPCC) office. Devel-
opments of the present release of WAVEWATCH III then have been funded
similarly through NOAA/NCEP.

I would finally like to thank all users who have reported errors and
glitches, or have made suggestions for improvements, particularly those who
have beta-tested this release (Rique Alves, Fabrice Ardhuin, Erick Rogers,
Gerbrant van Vledder and Paul Wittmann).
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2 Governing equations

2.1 Introduction

Waves or spectral wave components in water with limited depth and non-
zero mean currents are generally described using several phase and amplitude
parameters. Phase parameters are the wavenumber vector k, the wavenum-
ber k, the direction # and several frequencies. If effects of mean currents
on waves are to be considered, a distinction is made between the relative or
intrinsic (radian) frequency o (= 27 f,), which is observed in a frame of ref-
erence moving with the mean current, and the absolute (radian) frequency w
(= 27 f,), which is observed in a fixed frame of reference. The direction 6 is
by definition perpendicular to the crest of the wave (or spectral component),
and equals the direction of k. Generally, scales of variation of depths and
currents are assumed to be much larger than those of an individual wave.
The quasi-uniform (linear) wave theory then can be applied locally, giving
the following dispersion relation and Doppler type equation to interrelate the
phase parameters

0% = gktanh kd , (2.1)
w=0+k-U, (2.2)

where d is the mean water depth and U is the (depth- and time- averaged)
current velocity. The assumption of slowly varying depths and currents im-
plies a large-scale bathymetry, for which wave diffraction can generally be
ignored. The usual definition of k and w from the phase function of a wave
or wave component implies that the number of wave crests is conserved (see,
e.g., Phillips, 1977; Mei, 1983)

il =0. 2.
at-f—Vw 0 (2.3)

From Egs. (2.1) through (2.3) the rates of change of the phase parameters can
be calculated (e.g., Christoffersen, 1982; Mei, 1983; Tolman, 1990, equations
not reproduced here).

For monochromatic waves, the amplitude is described as the amplitude,
the wave height, or the wave energy. For irregular wind waves, the (random)
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variance of the sea surface is described using variance density spectra (in the
wave modeling community usually denoted as energy spectra). The variance
spectrum F'is a function of all independent phase parameters, i.e., F'(k, o, w),
and furthermore varies in space and time, e.g., F(k, o, w;x,t). However, it
is usually assumed that the individual spectral components satisfy the linear
wave theory (locally), so that Egs. (2.1) and (2.2) interrelate k, ¢ and w.
Consequently only two independent phase parameters exist, and the local
and instantaneous spectrum becomes two-dimensional. Within WWATCH
the basic spectrum is the wavenumber-direction spectrum F'(k,#), which
has been selected because of its invariance characteristics with respect to
physics of wave growth and decay for variable water depths. The output
of WWATCH, however, consists of the more traditional frequency-direction
spectrum F'(f,, ). The different spectra can be calculated from F'(k, ) using
straightforward Jacobian transformations

ok 2
F(f,0) = 2Pk, 0) = L F(k,9) (2.4)
of- Cq
ok o k-U\
FUwt) = g 0 =2 (14 5.0) F0), 29)
oo o 1 kd
%= 58 ="k "T 27 sinhokd (2.6)

where ¢, is the so-called group velocity. From any of these spectra one-
dimensional spectra can be generated by integration over directions, whereas
integration over the entire spectrum by definition gives the total variance F
(in the wave modeling community usually denoted as the wave energy).

In cases without currents, the variance (energy) of a wave package is
a conserved quantity. In cases with currents the energy or variance of a
spectral component is no longer conserved, due to the work done by current
on the mean momentum transfer of waves (Longuet-Higgins and Stewart,
1961, 1962). In a general sense, however, wave action A = E/o is conserved
(e.g., Whitham, 1965; Bretherthon and Garrett, 1968). This makes the wave
action density spectrum N(k,0) = F(k,0)/o the spectrum of choice within
the model. Wave propagation then is described by

DN
— 2.7
Dt o’ (2.7)
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where D/Dt represents the total derivative (moving with a wave compo-
nent) and  represents the net effect of sources and sinks for the spectrum
F. Because the left side of Eq. (2.7) generally considers linear propagation,
effects of nonlinear wave propagation (i.e., wave-wave interactions) arise in

. Propagation and source terms will be discussed separately in the following
sections.

2.2 ro agation

In a numerical model, a Eulerian form of the balance equation (2.7) is needed.
This balance equation can either be written in the form of a transport equa-
tion (with velocities outside the derivatives), or in a conservation form (with
velocities inside the derivatives). The former form is valid for the vector
wavenumber spectrum N (k; x,t) only, whereas valid equations of the latter
form can be derived for arbitrary spectral formulations, as long as the corre-
sponding Jacobian transformation as described above is well behaved (e.g.,
Tolman and Booij, 1998). Furthermore, the conservation equation conserves
total wave energy/action, unlike the transport equation. This is an impor-
tant feature of an equation when applied in a numerical model. The balance
equation for the spectrum N(k, 6;x,t) as used in WWATCH is given as (for
convenience of notation, the spectrum is henceforth denoted simply as N)

ON 0 0
E"‘V 'XN+%1€N+%0N—;; (28)
x=c¢,+U, (2.9)

do 0d ou
- 277 k.= 2.1
k od 0 9’ (2.10)

1 0o 0d ou
0= + o kez— (2.11)

where c, is given by ¢, and 6, is a coordinate in the direction ¢ and

is a coordinate perpendicular to . Equation (2.8) is valid for a Cartesian
grid. For large-scale applications, this equation is usually transferred to a
spherical grid, defined by longitude and latitude , but maintaining the
definition of the local variance (i.e., per unit surface, as in WAMDIG, 1988)
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68—]:[+cols 82 N(:osﬁﬁ—a2 N+a%;kN+%OgN:;, (2.12)
_Gcosbt (2.13)
_ Gsinfr (2.14)
cos
6, =0 cgtan cosf ’ (2.15)
where  is the radius of the earth and and are current components.

Equation (2.15) includes a correction term for propagation along great circles,
using a Cartesian definition of § where # = 0 corresponds to waves travelling
from west to east. WWATCH can be run on either a Cartesian of spherical
grid. Note that unresolved obstacles such as islands can be included in the
equations. In WWATCH this is done at the level of the numerical scheme,
as is discussed in section 3.3.3.

2.3 ource terms
231 General concepts

The net source term  is generally considered to consist of three parts, a
wind-wave interaction term  , a nonlinear wave-wave interactions term
and a dissipation (‘whitecapping’) term . In shallow water additional
processes have to be considered, most notably wave-bottom interactions
(e.g., Shemdin et al., 1978). This defines the general source terms used in
WWATCH as

= + + + . (2.16)

Other source terms are easily added. These source terms are defined for
the spectra. In the model, however, most source terms are directly
calculated for the action spectrum. The latter source terms are denoted as

= Jo.
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The treatment of the nonlinear interactions defines a third-generation
wave model. Therefore, the options for the calculation of  will be discussed
first in section 2.3.2 through 2.3.3. and represent separate processes,
but should be considered as interrelated, because the balance of these two
source terms governs the integral growth characteristics of the wave model.
Two combinations of these basic source terms are available, those of WAM
cycles 1 through 3 (section 2.3.4) and the parameterizations of Tolman and
Chalikov (1996) (section 2.3.5). Shallow water source terms or source terms
describing special physical processes are considered to be additional source
terms. Presently only the JONSWAP formulation for bottom friction (section
2.3.6) is available. Note that all default model settings, including the selected
source terms, are discussed in section 5.4.3.

A third-generation wave model effectively integrates the spectrum only up
to a cut-off frequency f (or wavenumber k£ ). Above this frequency a
parametric tail is applied (e.g., WAMDIG, 1988)

P = U 0 () (217)
fr

which is easily transformed to any other spectrum using the Jacobian trans-

formations as discussed above. For instance, for the present action spectrum,

the parametric tail can be expressed as (assuming deep water for the wave

components in the tail)

- 2
N(k,0)=N(k ,0) (ch" ) (2.18)
The actual values of  and the expressions for f,  depend on the source
term parameterization used, and will be given below.

Before actual source term parameterizations are described, the definition
of the wind requires some attention. In cases with currents, one can ei-
ther consider the wind to be defined in a fixed frame of reference, or in a
frame of reference moving with the current. Both definitions are available
in WWATCH, and can be selected during compilation. The output of the
program, however, will always be the wind speed which is not in any way
corrected for the current.
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232 Nonlinear interactions I

Nonlinear wave-wave interactions can be modeled using the discrete interac-
tion approximation (DIA, Hasselmann et al., 1985). This parameterization
was originally developed for the spectrum F(f,,#). To assure the conserva-
tive nature of for this spectrum (which can be considered as the final
product of the model), this source term is calculated for F(f,,#) instead of
N(k, ), using the conversion (2.4).

Resonant nonlinear interactions occur between four wave components
(quadruplets) with wavenumber vector k; through k . In the DIA, it is
assumed that k; = ks. Resonance conditions then require that

kl + k2 = k + k
()] = g1
c e e (219
o = (1 )o
where is a constant. For these quadruplets, the contribution to the

interaction for each discrete (f,,#) combination of the spectrum correspond-
ing to k; is calculated as

1 2
=D 1 g fh
1
F F 200 F
F? ( + ) ,(2.20)
e+ ) G ) @ ?)
where Iy = F(f,1,61) etc. and = (fr1,01) etc., is a proportion-
ality constant. The nonlinear interactions are calculated by considering a
limited number of combinations ( , ). In practice, only one combination

is used. Default values for different source term packages are presented in
Table 2.1.

This source term is developed for deep water, using the appropriate dis-
persion relation in the resonance conditions. For shallow water the expression
is scaled by the factor D (still using the deep-water dispersion relation, how-
ever)

C
D:l—i—k—; 1 ckd ~ . (2.21)
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WAM-3 0.25 | 2.78 10
Tolman and Chalikov | 0.25 | 1.00 10

Table 2.1: Default constants in DIA for input-dissipation packages.

Recommended (default) values for the constants are (Hasselmann and Hassel-
mann, 1985) ¢; = 5.5, ¢o = 5/6 and ¢ = 1.25. The overbar notation denotes
straightforward averaging over the spectrum. For an arbitrary parameter z
the spectral average is given as

=E! F(f.,0) df, df, (2.22)

E= F(f.,0) df, do, (2.23)
For numerical reasons, however, the mean relative depth is estimated as

kd = 0.75kd , (2.24)
where k is defined as

k= 17 % . (2.25)

The shallow water correction of Eq. (2.21) is valid for intermediate depths
only. For this reason the mean relative depth kd is not allowed to become
smaller than 0.5 (as in WAM). All above constants can be reset by the user
in the input files of the model (see chapter 4).

233 Nonlinear interactions RT (G. Ph. van Vledder)

The second method for calculating the nonlinear interactions in WWATCH is
the so-called Webb-Resio-Tracy method (WRT), which is based on the orig-
inal six-dimensional Boltzmann integral formulation of Hasselmann (1962,
1963a,b), and additional considerations by Webb (1978), Tracy and Resio
(1982) and Resio and Perrie (1991).
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The Boltzmann integral describes the rate of change of action density of
a particular wavenumber due to resonant interactions between pairs of four
wavenumbers. To interact these wavenumbers must satisfy the following
resonance conditions

k1+k2 = k +k

o1+09y = o0 +o0 ’ (2'26)

which is a more general version of the resonance conditions (2.19). The rate
of change of action density N; at wave number k; due to all quadruplet
interactions involving k; is given by

ON
a—tl = (ki ko k k) (ki+k, k k) (o1+02 o o)
NN (N N)+N,N (N Ny) dkydk dk , (2.27)

where the action density NV is defined in terms of the wavenumber vector
k, N = N(k). The term is a complicated coupling coefficients for which
expressions have been given by Herterich and Hasselmann (1980). In the
WRT method a number of transformations are made to remove the delta
functions. A key element in the WRT method is to consider the integration
space for each (ki,k ) combination (see Resio and Perrie, 1991)

0N,
ot
in which the function is given by

=2  (k,k)dk |, (2.28)

(kl,k ) == (kl,kg,k ,k ) (kl +k2 k k )
(01+02 g O')H(kl,k,k)
NN (N  N))+N,N (N Ny) dkydk , (2.29)
in which

1 when k; k ki k

ki k k)= o Chen kK, k kK, k

(2.30)

The delta functions in Eq. (2.29) determine a region in wavenumber space
along which the integration should be carried out. The function € determines
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a section of the integral which is not defined due to the assumption that k; is
closer to k than ky. The crux of the Webb method consists of using a local
coordinate system along a so-named locus, that is, the path in k space given
by the resonance conditions for a given combination of k; and k . To that
end the (k ,k ) coordinate system is replaced by a ( ,n) coordinate system,
where (n) is the tangential (normal) direction along the locus. After some
transformations the transfer integral can then be written as a closed line
integral along the closed locus

(ki,k) = #_1 Ok, k k)

NN (N N)+NoN (N N d ,  (2.31)

In which  is the coupling coefficient and 0 /On is the gradient term of
a function representing the resonance conditions (see Van Vledder, 2000).
Numerically, the Boltzmann integral is computed as the finite sum of many
line integrals  for all discrete combinations of k; and k . The line integral
(2.31) is solved by dividing the locus in typically 30 pieces, such that the
discretized version is given as:

(k1,k ) () )y )y (2.32)

1

in which () is the product term for a given point on the locus, n is the
number of segments, and  is the discrete coordinate along the locus. Finally,
the rate of change for a given wavenumber k; is given by

ON (k;)
ot

E (kpk) k8 (2.33)

1 1

where n and n are the discrete number of wavenumbers and directions
in the calculational grid, respectively. Note that although the spectrum is
defined in terms of the vector wavenumber k, the calculational grid in a wave
model is more conveniently defined in terms of the absolute wavenumber
and wave direction (k, ) to assure directional isotropy of the calculations.
Taking all wave numbers k; into account produces the complete source term
due to nonlinear quadruplet wave-wave interactions. Details of the efficient
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computation of a locus for a given combination of the wave numbers k; and
k can be found in Van Vledder (2000, 2002a,b).

It should be noted that these exact interaction calculations are extremely
expensive, typically requiring 10 to 10 times more computational effort
than the DIA. Presently, these calculations can therefore only be made for
highly idealized test cases involving a limited spatial grid.

The nonlinear interactions according to the WRT method have been im-
plemented in WWATCH using the portable subroutines developed by Van
Vledder (2002b). In this implementation, the computational grid of the WRT
method is taken identical to the discrete spectral grid of WWATCH. In ad-
dition, the WRT routines inherit the power of the parametric spectral tail
as in the DIA. Choosing a higher resolution than the computational grid of
WWATCH for computing the nonlinear interactions is possible in theory, but
this does not improve the results and is therefore not implemented.

Because nonlinear quadruplet wave-wave interactions at high frequencies
are important, it is recommended to choose the maximum frequency of the
wave model about five times the peak frequency of the spectra that are ex-
pected to occur in a wave model run. Note that this is important as the
spectral grid determines the range of integration in Eq. (2.33). The recom-
mended number of frequencies is about 40, with a frequency increment factor
1.07. The recommended directional resolution for computing the nonlinear
interactions is about 10 . For specific purposes other resolutions may be
used, and some testing with other resolutions may be needed.

An important feature of most algorithms for the evaluation of the Boltz-
mann integral is that the integration space can be pre-computed. This is also
the case for the subroutine version of the WRT method used in WWATCH.
In the initialization phase of the wave model the integration space, consisting
of the discretized paths of all loci, together with the interaction coefficients
and gradient terms, are computed and stored in a binary data file. For each
water depth such a data file is generated and stored in the current directory.
The names of these data files consist of a keyword, quad , followed by the
keyword , with the water depth in meters, or 9999 for deep water.
The extension of the binary data file is bqf (of Binary Quadruplet File).
If a BQF file exists, the program checks if this BQF file has been generated
with the proper spectral grid. If this is not the case, the existing BQF file is
overwritten with the correct BQF file. During a wave model run with various
depths, the optimal BQF is used, by looking at the nearest water depths for
which a valid BQF file has been generated. In addition, the result is rescaled
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using the ratio of the depth scaling factors (2.21) for the target depth and
the depth corresponding to the BQF file.

234 Input and dissipation 3

The input and dissipation source terms of WAM cycles 1 through 3 are based
on Snyder et al. (1981) and omen et al. (1984) (see also WAMDIG, 1988).
The input source term is given as

2
(k,0)= —“max 0, ( S cos(d 6) 1) o N(k,0), (2.34)
= . (0840065 ;)10 , (2.35)
where is a constant (= 0.25), , ( ) is the density of air (water),

is the wind friction velocity (Charnock, 1955; Wu, 1982), ¢ is the phase
velocity o/k, 1 is the wind speed at 10 m above the mean sea level and 6
is the mean wind direction. The corresponding dissipation term is given as

2 2
(k,0) = o (—) N(k,0), (2.36)
o
o= ot ; (2.37)
=Ekg?, (2.38)
where is a constant (= 2.36107 ), is the value of for a Pm
spectrum ( = 3.0210" ) and where & is given by Eq. (2.25).

The parametric tail Egs. (2.17) and (2.18) corresponding to these source
terms is given by = 4.5 and by

f =max 25f., 4f, , (2.39)
g
= ——, 2.40
o= (240
originall used present setting used for consistent li it eha ior e.g.

ol an
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where f, is the Pierson and Moskowitz (1964) frequency, estimated from
the wind friction velocity . The shape and attachment point of this tail is
hardwired to the present model. The tunable parameters , and

are preset to their default values, but can be redefined by the user in the
input files of the model.

235 Input and dissipation Tolman and halikov

The source term package of Tolman and Chalikov (1996) consists of the input
source term of Chalikov and Belevich (1993) and Chalikov (1995), and two
dissipation constituents. The input source term is given as

(k,0) =0 N(k,0), (2.41)

where is a nondimensional wind-wave interaction parameter, which is ap-
proximated as

10, 2 ) Ogq 1
o.( 04 ) , 1 o, 1/2

10 = ( 04 o, ,  1/2 o, 1 (2.42)

Oq ) 1 Oq 2

(O-a 1)2 + 1 ) 2 Ogq
where
o

Og = Tcos(@ ) (2.43)

is the non-dimensional frequency of a spectral component, 6 is the wind
direction and  is the wind velocity at a height equal to the ‘apparent’ wave
length

2T

““%cos(d 0)° (244)

The parameters 1 1 and 1, o in Eq. (2.42) depend on the drag coeffi-
cient  at the height = ,:
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L =1.0754+75 s = 1.2+ 300
L =0.25+395 = s 1)/( + )
o =0.35+150 |, = !
=0.30+300 |, = 1 ) (2.45)
=035+240 | = ( (2 1%+ 1)/(2 )
L = 0.05+470 , = !
= 0252/

The wave model takes the wind , at a given reference height , as its
input, so that  and need to be derived as part of the parameterization.
Excluding a thin surface layer adjusting to the water surface, the mean wind

profile is close to logarithmic
= —In (—) , (2.46)

where = 0.4 is the Von arman constant, and is the roughness parame-
ter. This equation can be rewritten in terms of the drag coefficient , at the
reference height . as (Chalikov, 1995)

p= 2 In( )?, (2.47)

where
= ln( = 2) : (2.48)
where = 0.2 is a constant, and where is ;he conventional nondimensional

energy level at high frequencies. An accurate explicit approximation to these
implicit relations is given as

12 +1.85

The estimation of the drag coefficient thus requires an estimate of the high-
frequency energy level , which could be estimated directly from the wave
model. However, the corresponding part of the spectrum is generally not well
resolved, tends to be noisy, and is tainted by errors in several source terms.
Therefore, is estimated parametrically as (Janssen, 1989)

=0.57 (—) 2 : (2.50)

Cc

10.4
,=10" (0.021 + 7> . (2.49)
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As the latter equation depends on the drag coefficient, Egs. (2.48) through
(2.50) formally need to be solved iteratively. Such iterations are performed
during the model initialization, but are not necessary during the actual model
run, as  generally changes slowly. Note that Eq. (2.50) can be considered
as an internal relation to the parameterization of ,, and can therefore de-
viate from actual model behavior without loss of generality. In Tolman and
Chalikov (1996), , is therefore expressed directly in terms of ¢ .

Using the definition of the drag coefficient and Eq. (2.46) the roughness
parameter  becomes

= , exp Stz (2.51)

T

and the wind velocity and drag coefficient at height become

n o/ )
o) (2.52)

=, (—“)2 (2.53)

Finally, Eq. (2.50) requires an estimate for the peak frequency f . To obtain a
consistent estimate of the peak frequency of actively generated waves, even in
complex multimodal spectra, this frequency is estimated from the equivalent
peak frequency of the positive part of the input source term (see Tolman and
Chalikov, 1996)

f?¢,;t max 0, (k,0) df do

fo= f~ ¢yt max 0, (k,0) df df’ (2:54)

from which the actual peak frequency is estimated as (the tilde identifies
nondimensional parameter based on  and g)

f = 36100 + 0.92f 6.3107" f . (2.55)

All constants in the above equations are defined within the model. The user
only defines the reference wind height .

During testing of a global implementation of WWATCH including this
source term (Tolman, 2002f), it was found that its swell dissipation due to op-
posing or weak winds was severely overestimated. To correct this deficiency,
a filtered input source term is defined as



WAVEWATCH III version 2.22 19

for 0 or f 08f
= for 0 and f 06f , (2.56)
for 0 and 06f f 0.8f
where f is the frequency, f is the peak frequency of the wind sea as computed
from the input source term, is the input source term (2.41), and 0 1
is a reduction factor for , which is applied to swell with negative only
(defined by the user).  represents a linear reduction of ~ with f providing

a smooth transition between the original and reduced input.

The corresponding dissipation source term consists of two constituents. The
(dominant) low-frequency constituent is based on an analogy with energy
dissipation due to turbulence,

(k,0) = 2 k* N(k,0), (2.57)
:4( i FUﬁﬁU%) : (2.58)
= +af +of . (2.59)

where is a mixing scale determined from the high-frequency energy content
of the wave field and where is an empirical function accounting for the
development stage of the wave field. The linear part of Eq. (2.59) describes
dissipation for growing waves. The nonlinear term has been added to allow
for some control over fully grown conditions by defining a minimum value
for () for a minimum value of f (f ). If is below the linear
curve, o and are given as

2= f Lf , (2.60)
=8. (2.61)

If is above the linear curve, 5 and are given as
fo=——— , f =max f, 0.0025, f , (2.62)

2 = f lf ) (263)
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= Lf . (2.64)

of

The above estimate of  results in 0 /0f =0for f = f. For f I,
is kept constant ( = ).

The empirical high-frequency dissipation is defined as

(k,0) = (;>2 f Nk (2.65)

()

2

-2 N(k,0)do | (2.66)
Cg 9° r

where is Phillips’ nondimensional high-frequency energy level normalized

with ,, and where through 5 and , are empirical constants. This

parameterization implies that = 5 in the parametric tail, which has been

preset in the model. Note that in the model Eq. (2.66) is solved assuming a

deep water dispersion relation, in which case is evaluated as

L

Fk) . (2.67)

T

The two constituents of the dissipation source term are combined using a
simple linear combination, defined by the frequencies f; and fs.

(k,0) = 1), (2.68)

1 for f f
= — for fi f fo, (2.69)
0 for fo f )

To enhance the smoothness of the model behavior for frequencies near the
parametric cut-off f | a similar transition zone is used between the prognos-
tic spectrum and the parametric high-frequency tail as in Eq. (2.18)

N, O)=(1  YNGk.0O)+ Nk ,0) (fL_>_ - (2.70)
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Tuned to : 1 2 1
C stable 48 [ 1.710~ | 2.0 0.310~ | 0.47 | 0.003
C unstable | 4.5 | 2.310~ | 1.5 5.810~ | 0.60 | 0.003

Table 2.2: Suggested constants in the source term package of Tolman and
Chalikov. Cdenotes ahma and Calkoen (1992, 1994). First line represents
default model settings.

where is a discrete wavenumber counter, and where is defined similarly
to , ranging from 0 to 1 between fy and f .

The frequencies defining the transitions and the length scale are prede-
fined in the model as

f = 3.00f
£, = 250f (2.71)
f = 200f

Furthermore, f = 0.009 and , = 0.002 are preset in the model. All

other tunable parameters have to be provided by the user. Suggested and
default values are given in Table 2.2.

Test results of these source terms in a global model implementation (Tol-
man, 2002f) suggested that (i) the model tuned in the classical way to fetch-
limited growth for stable conditions underestimates deep-ocean wave growth
(a deficiency apparently shared by the WAM model) and that (ii) effects of
stability on the growth rate of waves as identified by ahma and Calkoen
(1992, 1994) should be included explicitly in the parameterization of the
source terms. Ideally, both problems would be dealt with by theoretical
investigation of the source terms. Alternatively, the wind speed can be

replaced by an effective wind speed . In Tolman (2002f) the following
effective wind speed is used :
c —12
— = , 2.72
(1 + 1+ 2> ( )
1 = ¢ tanh max(0, f; ) (2.73)

9 = ¢p tanh max(0, fo ) (2.74)
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, (2.75)

where is a bulk stability parameter, and , and  are the air, sea
and reference temperature, respectively. Furthermore, f; 0, ¢ and co
have opposite signs and fo = fic;/co. Following Tolman (2002f), default
settings of ¢ =14, ¢, = 0.1, ¢ = 0.1, f; = 150 and = 0.01
in combination with the tuning to stable stratification wave growth data
(¢ C stable’ parameter values in Table 2.2) are used. Note that this effective
wind speed was derived for winds at 10 m height. The wind correction can
be switched off by the user during compilation of the model, and default
parameter settings can be redefined by the user in the program input files.

236 ottom friction NS

A simple parameterization of bottom friction is the empirical, linear JON-
SWAP parameterization (Hasselmann et al., 1973), as used in the WAM
model (WAMDIG, 1988). Using the notation of Tolman (1991), this source
term can be written as

n 0.5
gd
where is an empirical constant, which is estimated as = 0.038 m?s~
for swell (Hasselmann et al., 1973), and as = 0.067 m?s~ for wind seas
(Bouws and omen, 1983). n is the ratio of phase velocity to group velocity

given by (2.6). The default value for = 0.067 can be redefined by the
user in the model input files.

(k,0) = 2 N(k,9), (2.76)

2. ut ut arameters

The wave model provides output of the following gridded fields of mean wave
parameters. Some of these parameters can also be found in the output for
selected points. For activation of the output see section 4.4.5

1) The mean water depth (m).
2)  The mean current velocity (vector, m/s).



10)

11)

12)
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The mean wind speed (vector, m/s). This wind speed is alway the
speed as input to the model, i.e., is not corrected for the current
speed.

The air-sea temperature difference ( C).

The friction velocity  (scalar). Definition depends on selected
source term parameterization (m/s).

Significant wave height (m) see Eq. (2.23)

=4 E. (2.77)
Mean wave length (m) see Eq. (2.22)

=2mk~1. (2.78)
Mean wave period (s)

=270 L. (2.79)

Mean wave direction (degr., meteorological convention)

f = atan (—) , (2.80)
= cos(0)F(o,0) do db , (2.81)

= sin(0)F(o,0) do df . (2.82)

Mean directional spread (degr.; uik et al., 1988)

12

2 2\ 12
+
o= 21 ( 2 ) , (2.83)

Peak frequency (Hz), calculated from the one-dimensional fre-
quency spectrum using a parabolic fit around the discrete peak.
Peak direction (degr.), defined like the mean direction, using the
frequency/wavenumber bin containing of the spectrum F'(k) that
contains the peak frequency only.

23
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13) Peak frequency of the wind sea part of the spectrum. For WAM-3
input, this is the highest local peak in the one-dimensional spec-
trum, if this frequency is higher than half the PM frequency and
smaller than 0.75 times the maximum discrete frequency (other-
wise undefined). For the Tolman and Chalikov input, it is calcu-
lated using Egs. (2.54) and (2.55).

14) Wind sea direction (degr.), defined like the mean direction, using
the frequency/wavenumber bin containing the peak frequency of
the wind sea only.

15) Average time step in the source term integration (s).

16) Cut-off frequency f (Hz, depends on parameterization of input
and dissipation).

17) Ice concentration.

18) Water level.

The first 16 output parameter were available in the first WWATCH release.
Output parameters 17 and higher have been added since. All new output
parameters are simply added to the end of the list to make conversion of
input files to the new system as easy as possible.
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u erica a roac es

3.1 asic conce ts

Equation (2.8) or (2.12) represents the basic equation of WWATCH. How-
ever, modified versions of these equations are used in the model, where (a)
they are solved on a variable wavenumber grid (see below), where (b) a mod-
ified versions of these equations are used to properly described dispersion
for discretized equations in selected numerical schemes (see section 3.3), and
where (c) subgrid obstacles such as islands are considered (see section 3.3).

If (2.8) or (2.12) is solved directly, an effective reduction of spectral res-
olution occurs in shallow water (see Tolman and Booij, 1998). This loss of
resolution can be avoided if the equation is solved on a variable wavenumber
grid, which implicitly incorporates the kinematic wavenumber changes due to
shoaling. Such a wavenumber grid corresponds to a spatially and temporally
invariant frequency grid (Tolman and Booij, 1998). The corresponding lo-
cal wavenumber grid can be calculated directly from the invariant frequency
grid and the dispersion relation (2.1), and hence becomes a function of the
local depth d.To accommodate economical calculations of | a logarithmic
frequency grid is adopted,

o 1= 0 , (3.1)

where is a discrete grid counter in k-space. is defined by the user in the
input files of the program. In most applications of third-generation models
= 1.1 is used (WWATCH default)).
The effects of a spatially varying grid will be discussed for the Cartesian
equation (2.8) only. Adaptation to the spherical grid is trivial. Denoting the
variable wavenumber grid with , the balance equation becomes

ON, O N 0N _ 0N 90N_

al LA 3.2
Dic, "9 ¢ 0 ¢ "0 ¢ 00c (3:2)
ok 00 (dd oU
9% _ (% yva) kL2, .
5 % 8d<8t+ v ) 9 (3:3)

Equation (3.2) is solved using a fractional step method, as is commonplace
in wave modeling. The first step considers temporal variations of the depth,
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and corresponding changes in the wavenumber grid. As is discussed by Tol-
man and Booij (1998), this step can be invoked sparsely. By splitting of
effects of (temporal) water level variations, the grid becomes invariant, and
the depth becomes quasi-steady for the remaining fractional steps. Other
fractional steps consider spatial propagation, intra-spectral propagation and
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source terms.

The multiple splitting technique results in a model that can efficiently be
vectorized and parallelized at the same time. The time splitting furthermore
allows for the use of separate partial or dynamically adjusted time steps in
the different fractional steps of the model. WWATCH makes a distinction

between 4 different time steps.

1)

The ‘global’ time step ¢4, by which the entire solution is propa-
gated in time, and at which intervals input winds and currents are
interpolated. This time step is provided by the user, but can be
reduced within the model to reach a requested input or output time.
The second time step is the time step for spatial propagation. The
user supplies the maximum propagation time step for the lowest
model frequency ¢ ;. For the frequency with counter , the max-
imum time step t is calculated within the model as

t Foy (3.4)

fi

If the propagation time step is smaller than the global time step,
the propagation effects are calculated with a number of successive
smaller time steps. This generally implies that several partial time
steps are used for the lowest frequency, but that the highest frequen-
cies are propagated over the interval ¢, with a single calculation.
The latter results in a significantly more efficient model, particularly
if higher-order accurate propagation schemes are used.

The third time step is the time step for intra-spectral propagation.
For large-scale and deep-water grids this time step can generally be
taken equal to the global time step {¢,. For shallow water grids,
smaller intra-spectral propagation time steps allow for larger effects
of refraction within the stability constraints of the scheme. Note
that the order of invoking spatial and intra-spectral propagation is
alternated to enhance numerical accuracy.
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4) The final time step is the time step for the integration of the source
terms, which is dynamically adjusted for each separate grid point
and global time step t, (see section 3.5). This results in more
accurate calculations for rapidly changing wind and wave conditions,
and a more economical integration for slowly varying conditions.

The following sections deal with the separate steps in the fractional step
method, model input, ice treatment and boundary data transfer between
separate model runs.

3.2 De th ariations in time

Temporal depth variations result in a change of the local wavenumber grid.
Because the wavenumber spectrum is invariant with respect to temporal
changes of the depth, this corresponds to a simple interpolation of the spec-
trum from the old grid to the new grid, without changes in the spectral shape.
As discussed above, the new grid simply follows from the globally invariant
frequency grid, the new water depth d and the dispersion relation (2.1). The
time step of updating the water level is generally dictated by physical time
scales of water level variations, but not by numerical considerations (Tolman
and Booij, 1998).

The interpolation to the new wavenumber grid is performed with a simple
conservative interpolation method. In this interpolation the old spectrum is
first converted to discrete action densities by multiplication with the spectral
bin widths. This discrete action then is redistributed over the new grid cf.
a regular linear interpolation. The new discrete actions then are converted
into a spectrum by division by the (new) spectral bin widths. The conversion
requires a parametric extension of the original spectrum at high and low
frequencies because the old grid generally will not completely cover the new
grid. Energy/action in the old spectrum at low wavenumbers that are not
resolved by the new grid is simply removed. At low wavenumbers in the
new grid that are not resolved by the old grid zero energy/action is assumed.
At high wavenumbers in the new grid the usual parametric tail is applied if
necessary. The latter correction is rare, as the highest wavenumbers usually
correspond to deep water.
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In practical applications the grid modification is usually relevant for a
small fraction of the grid points only. To avoid unnecessary calculations,
the grid is transformed only if the smallest relative depth kd in the discrete
spectrum is smaller than 4. Furthermore, the spectrum is interpolated only
if the spatial grid point is not covered by ice, and if the largest change of
wavenumber is at least 0.05 k.

3.3 atial ro agation

Spatial propagation is described by the first terms of Eq. (3.2). For the
spherical grid Eq. (2.12), the corresponding spatial propagation step be-
comes

0 0 0

— + — — =0 3.5

a "o T ! (3:5)
where the propagated quantity is defined as =N c_;l cos . For the
Cartesian grid, a similar equation is found propagating = N c;l. In this

section equations for the more complicated spherical grid are presented only.
Conversion to a Cartesian grid is generally a simplification and is trivial.

Equation (3.5) in form is identical to the conventional deep-water prop-
agation equation, but includes effects of both limited depths and currents.
At the land-sea boundaries, wave action propagating towards the land is as-
sumed to be absorbed without re ection, and waves propagating away from
the coast are assumed to have no energy at the coastline. For so-called ‘ac-
tive boundary points’ where boundary conditions are prescribed, a similar
approach is used. Action traveling towards such points is absorbed, whereas
action at the boundary points is used to estimate action uxes for compo-
nents traveling into the model.

Three separate issues arise regarding the spatial propagation. The first is
the actual propagation scheme used (section 3.3.1). The second is the occur-
rence and alleviation of the Garden Sprinkler Effect (GSE) as discussed in
section 3.3.2. The third is the inclusion of the effects of unresolved obstacles
on wave propagation. Subgrid treatment of such obstacles is addressed in
WWATCH as part of the numerical propagation scheme, and is discussed in
section 3.3.3.
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331 ropagation schemes

A simple and cheap first order upwind scheme has been included, mainly for
testing during development of WWATCH. To assure numerical conservation
of action, a ux or control volume formulation is used. The ux between grid
points with counters and l1in -space (_) is calculated as

_= , (3.6)
=0.5 1+ , (3.7)
_ _1 for 0
B for 0’ (38)

where , and are discrete grid counters in -, 6- and k-spaces, respectively,
and n is a discrete time step counter. represents the propagation velocity
at the ‘cell boundary’ between points and 1, and the subscript denotes
the ‘upstream’ grid point. At land-sea boundaries, is replaced by at the
sea point. Fluxes between points and +1 ( ) are obtained by replacing

1 with and with + 1. Fluxes in -space are calculated similarly,
changing the appropriate grid counters and increments. The ‘action density’
(') at time n + 1 is estimated as

4 4
b= +— - +— ;o (39)
where ¢ is the propagation time step, and and are the latitude and
longitude increments, respectively. Equations (3.6) through (3.8) with =0

on land and applying Eq. (3.9) on sea points only automatically invokes the
required boundary conditions.

Also available is the QUIC EST scheme (Leonard, 1979; Davis and More,
1982) combined with the ULTIMATE TVD (total variance diminishing) lim-
iter (Leonard, 1991). This is the default propagation scheme for WWATCH.
This scheme is third-order accurate in both space and time, and has been se-
lected based on the extensive intercomparison of higher order finite difference
schemes for water quality models performed by (see Cahyono, 1994; Falconer
and Cayhono, 1993; Tolman, 1995). This scheme is applied to propagation
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in longitudinal and latitudinal directions separately, alternating the direction
to be treated first.
In the QUIC EST scheme the ux between grid points with counters

and  1in -space ( _) is calculated as
_ = , (3.10)
=05 4+ (3.11)
! 14+ ) 4+ ) L 2 (3.12)
2 - 6 ’ ‘
( —92 2 -1+ ) —2 for 0
— 3.13
( -1 2 =+ 1 ) 2 for 0’ ( )
t
=, (3.14)
where is the (upstream) curvature of the action density distribution,

and where is a CFL number including a sign to identify the propagation
direction. Like the first order scheme, this scheme gives stable solutions for

1. To assure that this scheme does not generate aphysical extrema,
it is used in combination with the ULTIMATE limiter. This limiter uses
the central, upstream and downstream action density (suffices ¢, and d,
respectively), which are defined as

= = = _y for 0
1, ’ 2
1
= s = —1, = 1 for 0 (3 5)

To assess if the initial state and the solution show similar monotonic or non-
monotonic behavior, the normalized action  is defined

= — (3.16)
If the initial state is monotonic (i.e., 0 1), the (normalized) action
at the cell boundary is limited to
lu es etween grid points with counters and again are o tained

su stituting the appropriate indices.



WAVEWATCH III version 2.22 31

1, - (3.17)

otherwise
= ) (3.18)

An alternative scheme is necessary if one of the two grid points adjacent to
the cell boundary is on land or represents an active boundary point. In such
cases, Egs. (3.7) and (3.12) are replaced by

= (3.19)
- (3.20)

where the suffix indicates the (average of) the sea point(s). This boundary
condition represents a simple first order upwind scheme, which does not
require the limiter (3.15) through (3.18).
The final propagation scheme, similar to Eq. (3.9), becomes

b= PR : (3.21)
The scheme for propagation in -space is simply obtained by rotating indices
and increments in the above equations. For two-dimensional propagation,
two versions of the above boundary treatment are available. In the ‘hard’ ap-
proach (default for WWATCH), the boundary conditions are applied in each
space separately. This results in small islands and headlands to completely
block swell propagation, but it also results in an (erroneous) absorption of
swell energy for coast lines under an angle with the grid. The latter deficiency
can be partially removed, if swell energy is allowed to propagate onto land
between the longitude and latitude propagation steps (denoted as the ‘soft’
approach). Small islands and headlands then become partially transparent
with respect to swell propagation.

332 Garden Sprinkler ect

The ULTIMATE QUIC EST scheme is sufficiently free of numerical diffu-
sion for the so-called ‘Garden Sprinkler Effect’ (GSE) to occur, i.e., a con-
tinuous swell field disintegrates into a set of discrete swell fields due to the
discrete description of the spectrum (Booij and Holthuijsen, 1987, Fig. 3c).
Several GSE alleviation methods are available in WWATCH.
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The classical GSE alleviation method is given by Booij and Holthuijsen
(1987), who derived an alternative propagation equation for the discrete spec-
trum, including a diffusive correction to account for continuous dispersion in
spite of the discrete spectral description. This correction in uences spatial
propagation only, which for general spatial coordinates ( , ) becomes

0 0
ot D

0 0
— D — 2D = .22
- : 0. (3.22)

=D cos’0+D sin’0,
=D sin?0+D cos’f,
= (D D ) cosfsind,
D =( ¢) /12,

D =(c, 0)* /12, (3.27

where D is the diffusion coefficient in the propagation direction of the dis-
crete wave component, D is the diffusion coefficient along the crest of the
discrete wave component and  is the time elapsed since the generation of
the swell. In the present fractional step method the diffusion can be added
as a separate step

O O C Q;‘Q')

0 0 0 0 0 0?
—=— D — — D — 2D
o o o T3 g " 50
This equation is incorporated with two simplifications, the justification of
which is discussed in Tolman (1995). First, the swell ‘age’ is kept con-
stant throughout the model (defined by the user, no default value available).
Secondly, the diffusion coefficients D and D are calculated assuming deep

water

(3.28)

D = (( 1) %)2 o (3.29)
D = (2"7 0)2 o (3.30)

where  is defined as in Eq. (3.1). With these two assumptions, the diffusion
tensor becomes constant throughout the spatial domain for each separate
spectral component.
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Equation (3.28) is solved using a forward-time central-space scheme. At
the cell interface between points and 1in () space, the term in
brackets in the first term on the right side of Eq. (3.28) (denoted as  _) is
estimated as

D %— _=D (7‘1> . (3.31)

Corresponding values for counters and +1, and for gradients in () space
again are obtained by rotating indices and increments. If one of the two grid
points in located on land, Eq. (3.31) is set to zero. The mixed derivative at

the right side of Eq. (3.28) (denoted as  __) is estimated for the grid point
and 1in -space and and 1in -space is estimated as
+ 1 + -1 -1 -1
=D . 3.32
( 0.5( + 1) > (3:32)
Note that the increment is a function of due to the use of the spherical

grid. This term is evaluated only if all four grid points considered are sea
points, otherwise it is set to zero. Using a forward in time discretization
of the first term in Eq. (3.28), and central in space discretizations for the
remainder of the first and second term on the right side, the final algorithm
becomes

T ) - (3.33)

Stable solutions are obtained for (e.g., Fletcher, 1988, Part I section 7.1.1)

D t
— 05 3.34
min( , )2 ’ (3.34)
where D is the maximum value of the diffusion coefficient (typically
D = D ). Because this stability criterion is a quadratic function of

the grid increment, stability can become a serious problem at high latitudes
for large scale applications. To avoid that this puts undue constraints on the
time step of a model, a corrected swell age is used
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—  min 1,(005())2 , (3.35)

cos( )

where is a cut-off latitude defined by the user.

The above diffusion is needed for swell propagation only, but is not realistic
for growing wind seas. In the latter conditions, the ULTIMATE QUIC EST
scheme without the dispersion correction is sufficiently smooth to render
stable fetch-limited growth curves (Tolman, 1995). To remove minor os-
cillations, a small isotropic diffusion is used for growing wave components.
To assure that this diffusion is small and equivalent for all spectral compo-
nents, it is calculated from a preset cell Reynolds (or cell Peclet) number

= D;l = 10, where D, is the isotropic diffusion for growing compo-
nents

¢y min(

D, = ) , (3.36)

The diffusions for swell and for wind seas are combined using a linear com-

bination depending on the nondimensional wind speed or inverse wave age

1ct= | kot as

k
g=min 1, max 0, 3.3 < 01 ) 2.3 , (3.37)
D = ,D,+(1 D (3.38)
D = ,p,+(1 D (3.39)

where the suffix  denotes propagation diffusions as defined in Egs. (3.29)
and (3.30). The constants in Eqs (3.36) and (3.37) are preset in the model.

The major drawback of the above GSE alleviation method is its potential
impact on model economy as discussed in relation to Eq. (3.34) and in Tolman
(2001, 2002a). For this reason, two additional GSE alleviation methods have
been developed for WWATCH.

The first of these two methods, which represents the default for WWATCH,
replaces the additional diffusion step (3.28) with a separate fractional step
in which direct averaging of the field of energy densities for a given spec-
tral component is considered. The area around each grid point over which
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Figure 3.1: Graphical depiction of spatial averaging GSE alleviation tech-
nique used here. Solid circles and dotted lines represent the spatial grid.
Hatched area represent averaging area to be considered. Corner point values
are obtained from the central grid point and the grey points. The latter val-
ues are obtained by interpolation from adjacent grid points (from Tolman,
2002a).

the averaging is performed extends in the propagation (s) and normal (n)
directions as

a C ts, 4 ¢ 6 tn | (3.40)

where , and , are tunable constants, the default value of which is set to
1.5. This averaging is graphically depicted in Fig. 3.1. Note that these values
may require some retuning for practical applications, as discussed in Tolman
(2002a). Appendix A of the latter paper presents details of the averaging
scheme, including conservation considerations.

Note that this kind of averaging with dominant directions s and n is
similar to the Booij and Holthuijsen (1987) diffusion method, that uses the
same main directions. The averaging method, however, never in uences the
time step, because it is completely separated from the actual propagation.
Moreover, if explicit schemes are used with typically ¢, t/ 1, it is
obvious that the averaging over the area as defined in (3.40) will generally
require information at directly neighboring spatial grid points only, as in
Fig. 3.1. Furthermore, this method does not require high-latitude filtering.

As is illustrated in Tolman (2002a,d), this method gives virtually identical
results as the previous method, but does so at slightly lower costs. For high
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o\é‘\ / &t

Figure 3.2: Graphical depiction of actual dispersion pattern of discrete wave
field (from Tolman, 2002a).

resolution applications, the averaging method may become dramatically more
economical.

The third and final GSE alleviation method available considers that the
advection for a give discrete spectral bin is not unidirectional, but in fact
divergent as illustrated in Fig. 3.2.

A linear (in physical space) correction algorithm for the advection speed
and direction has been implemented. First, the center of a discrete swell
field for the spectral bin (k ,6 ) is defined by the location of the maximum
energy density F(k ,6) . Secondly, the extent of the swell field in the
propagation (f) direction, , and in the normal direction, are
estimated by evaluating whether

F ,0; ,) Fk ,0) ) (3.41)
Ideally, = 0, but numerical considerations require that 0. The
default setting is = 0.05. Assuming a linear correction of advection speed

and direction with the actual propagation ( ) and normal ( ) distances to
the center of the discrete swell field, the advection speed ¢, and direction 0,
relative to their original bin-mean values ¢, and 6 become

cg=1¢4 + [ (3.42)
=0, + 0, (3.43)
where ¢, = 0.5( ¢, and and  are distances, normalized

with and , respectively. To avoid aphysical corrections for trace
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energy, the normalized distances have been limited to 2 and 3.
The constants and are tunable parameters with a default setting of
0.6.

Although this method has given promising results, it will require further
development to become economically viable as discussed in Tolman (2002a).

333 Unresolved obstacles

Even with the original tuning of WWATCH version 1.15 (Tolman, 2002f),
it was clear that unresolved islands groups are a major source of local wave
model errors. This was illustrated in some more detail in Tolman (2001),
Fig. 3 and Tolman et al. (2002), Fig. 8. In WWATCH, a methodology from
the SWAN model (Booij et al., 1999; Holthuijsen et al., 2001) was adopted to
apply the effects of unresolved obstacles at the cell boundaries of the spatial
grid within the numerical scheme. In this approach, the numerical uxes be-
tween cells through their common boundary are suppressed according to the
degree of obstruction provided by the unresolved obstacle. In this approach,
the numerical propagation scheme of the ULTIMATE QUIC EST scheme
of Eq. (3.21) is modified as

- +— . (3.44)

where  _ and are ‘transparencies’ of the corresponding cell bound-
aries, ranging from 0 (closed boundary) to 1 (no obstructions). For out ow
boundaries, transparencies by definition are 1, otherwise energy will artifi-
cially accumulate in cells. For in ow boundaries, transparencies less than
1 result in elimination of obstructed energy at the cell boundary. This ap-
proach is graphically depicted in Fig. 3.3. Note that a similar approach is
easily adopted in the first order scheme (3.9).

Two methods for defining the obstructions are available in the model. The
first defines the obstructions directly at the grid boundary. This requires the
generation of staggered depth-transparency grids. The second allows the
user to define depths and transparencies at the same grid. In this case, the
transparency at the in ow boundary becomes 0.5(1 + ), and the out ow
transparency by definition is 1. To complete the total transparency , the
next cell in the ow direction will have an in ow transparency 2 /(1 +
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Figure 3.3: Graphical depiction of treatment of unresolved obstacles. Com-
mon cell boundary (dotted line) has transparency . Dashed lines represent
other cell boundaries. Numerical ux from left to right.

). If consecutive cells are partially obstructed, the product of individual
transparencies is applied.

This approach can also be used to continuously model the effects of ice
coverage on wave propagation. This will be discussed in section 3.7. Details
of the sub-grid treatment of islands and ice can be found in Tolman (2002e).
A study of impacts of this approach in large scale wave models is presented
in Tolman (2002d,e).

Because it requires the generation of additional obstruction grids, the
default setting of WWATCH is not to include sub-grid modeling of obstacles.
Note that this option does not involve compile-level choices, but is entirely
controlled from the grid preprocessor (see following chapter).

3. Intra s ectral ro agation

The third step of the numerical algorithm considers refraction and residual
(current-induced) wavenumber shifts. For both the spherical and Cartesian
grid, the equation to be solved in this step becomes

ON 0 0
E-F%I%N-l-%QQN—O, (345)
kg—a—aU'Vd k.Y (3.46)

T ad Cg 0
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where k, is the wavenumber velocity relative to the grid, and 6, is given by
(2.15) and (2.11). This equation does not require boundary conditions in
f-space, as the model by definition uses the full (closed) directional space. In
k-space, however, boundary conditions are required. At low wavenumbers,
it is assumed that no wave action exists outside the discrete domain. It
is therefore assumed that no action enters the model at the discrete low-
wavenumber boundary. At the high-wavenumber boundary, transport across
the discrete boundary is calculated assuming a parametric spectral shape as
given by Eq. (2.18). The derivatives of the depth as needed in the evaluation
of # are mostly determined using central differences. For points next to land,
however, one-sided differences using sea points only are used.

Propagation in f#-space can cause practical problems in an explicit numer-
ical scheme, as the refraction velocity can become extreme for long waves in
extremely shallow water. To avoid the need of extremely small time steps
due to refraction, the propagation velocity in #-space (2.11) is filtered with
respect to the depth refraction term

0= ,(, ko +0, (3.47)

where the indices d and ¢ refer to the depth and current related fraction
of the refraction velocity in (2.11). The filter factor , is calculated for
every wavenumber and location separately, and is determined so that the
CFL number for propagation in #-space due to the refraction term
cannot exceed a pre-set (user defined) value (default 0.7). This corresponds
to a reduction of the bottom slope for some low frequency wave components.
The effected components are expected to carry little energy because they are
in extremely shallow water. Long wave components carrying significant en-
ergy are usually traveling towards the coast, where their energy is dissipated
anyway.

As with the propagation in physical space, a first order and an ULTIMATE
QUIC EST scheme are available. In the first order scheme the uxes in 6-
and k-space are calculated Cf. Eqs. (3.6) through (3.8) (replacing  with
N and rotating the appropriate counters). The complete first order scheme
becomes

t
— - = . (3.48)
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where is the directional increment, and % is the (local) wavenumber
increment. The low-wavenumber boundary conditions is applied by taking
_=0for =1, and the high wavenumber boundary condition is calcu-

lated using the parametric approximation (2.18) for N, extending the discrete
grid by one grid point to high wavenumbers.

The ULTIMATE QUIC EST scheme for the #-space is implemented similar
to the scheme for physical space, with the exception that the closed direction
space does not require boundary conditions. The variable grid spacing in
k-space requires some modifications to the scheme as outlined by (Leonard,
1979, Appendix). Equations (3.10) through (3.14) then become

~= kg N , (3.49)
kg =05 kg _1+kg , (3.50)
1 2

N=- (14 )N,+(1 )N s K, (3.51)

! — — for £ O
= , (3.52)

L — — for £ 0

ky

=9 - 3.53
where £ is the discrete band or cell width at grid point , and where
k _i o is the distance between grid points with counters  and 1. The

ULTIMATE limiter can be applied as in Egs. (3.15) through (3.18), if the
CFL number of Eq. (3.53) is used. At the low- and high-wavenumber bound-
aries the uxes again are estimated using a first-order upwind approach, with
boundary conditions as above defined for the first-order scheme. The final
scheme in k-space becomes

=N  +— , (3.54)
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3. ource terms

Finally, the source terms are accounted for by solving

ON

o =
As in WAM, a semi-implicit integration scheme is used. In this scheme the
discrete change of action density N becomes (WAMDIG, 1988)

(3.55)

(. 0)

1 D(k,6) t’
where D represents the diagonal terms of the derivative of  with respect to
N (WAMDIG, 1988, Eqs. 4.1 through 4.10), and where defines the offset
of the scheme. Originally, = 0.5 was implemented to obtain a second order
accurate scheme. Presently, = 1 is used as it is more appropriate for the
large time steps in the equilibrium range of the spectrum (Hargreaves and
Annan, 1998, 2001), and as it result in much smoother integration of the
spectrum. The change of has little impact on mean wave parameters, but
makes the dynamical time stepping as described below more economical.

The semi-implicit scheme is applied in the framework of a dynamic time-
stepping scheme (Tolman, 1992). In this scheme, integration over the global
time step ¢, can be performed in several dynamic time steps ¢ , depending
on the net source term , a maximum change of action density N and
the remaining time in the interval ¢,. For the n dynamic time step in the
integration over the interval ¢ t 1is calculated in three steps as

N(k,0) = (3.56)

g

N N\
t = min —— <1+ D—) , (3.57)
t =max t, t , (3.58)
-1
t =min ¢, ¢t t (3.59)

1

where ¢  is a user-defined minimum time step, which is added to avoid
excessively small time steps. The corresponding new spectrum N becomes

t
N =max 0, N '+ (ﬁ) ) (3.60)
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. ¢
WAM equivalent | 5107 ¢ (1 tq
suggested 0.1-0.2 0.1-0.2 | 0.05 0.1 t,
default setting 0.15 0.10 0.05

Table 3.1: User-defined parameters in the source term integration scheme

The maximum change of action density N is determined from a parametric
change of action density N and a filtered relative change N,

N (k,0) =min N (k,0), N,(k6) , (3.61)
(2m) 1
N (k,0) = — — 3.62
ko= - (3.62)
N,(k,0) = , max N(k,0), N (3.63)
N =max N (k ,0), max N(k,0) (3.64)
where |, , and are user-defined constants (see Table 3.1), is a PM
energy level (set to =0.6210" ) and £  is the maximum discrete wave-

number. The parametric spectral shape in (3.62) corresponds in deep water
to the well-known high-frequency shape of the one-dimensional frequency
spectrum F(f)  f~ . The link between the filter level and the maximum
parametric change in (3.64) is used to assure that the dynamic time step
remains reasonably large in cases with extremely small wave energies. A
final safeguard for stability of integration is provided by limiting the dis-
crete change of action density to the maximum parametric change (3.62) in
conditions where Eq. (3.58) dictates ¢ . In this case Eq. (3.58) becomes
a limiter as in the WAM model. Impacts of limiters are discussed in detail
in for instance Hersbach and Janssen (1999, 2001), Hargreaves and Annan
(2001) and Tolman (2002c).

Note that the dynamic time step is calculated for each grid point sep-
arately, thus adding additional computational effort only for grid points in
which the spectrum is subject to rapid change. Note furthermore, that the
source terms are re-calculated for every dynamic time step.
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The present source terms do not include a linear growth term. This implies
that waves can only grow if some energy is present in the spectrum. In
small-scale applications with persistent low wind speeds, wave energy might
disappear completely from part of the model. To assure that wave growth
can occur when the wind increases, a so-called seeding option is available in
WWATCH (selected during compilation). If the seeding option is selected,
the energy level at the seeding frequency 0 = min(oc ,27f ) is required
to at least contain a minimum action density

1
N (k ,0) = 62510 T max 0., cos’(0 0 )
o
min 1,111;1}((0,711 1) , (3.65)
go

where go~' approximates the equilibrium wind speed for the highest discrete
spectral frequency. This minimum action distribution is aligned with the
wind direction, goes to zero for low wind speeds, and is proportional to the
integration limiter (3.62) for large wind speeds. 1 is a user-defined
parameter to shift seeding to higher frequencies. Seeding starts if the wind
speed reaches times the equilibrium wind speed for the highest discrete
frequency, and reaches its full strength for twice as high wind speeds. The
default model settings include the seeding algorithm, with =1.
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