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Abstract Models for ocean surface wave forecasting in
weather centres comprise global and regional systems in
order to efficiently meet service demands. Regional models
cannot run alone and have to use large area or global models
to provide boundary wave spectra. The modern two-way
nesting technique is to run the two models together with the
regional model domain covered by both resolutions. An
alternative method is to use a single multi-resolution grid that
fits irregular coastlines and provides refined resolutions in
selected regions. This paper presents a multi-resolution model
based on a spherical multiple-cell (SMC) grid, which is
designed to relax the CFL restriction of Eulerian advection
time step at high latitudes by merging the conventional
latitude-longitude grid cells. The implementation of the
SMC grid in WAVEWATCH III is described, and a multi-
resolution (6, 12 and 25 km) global SMC configuration is
compared with a suite of nested grid ocean surface wave
models, including 35-km global, 8-km European and 4-km
UK regional models. Verification against buoy and platform
wave observations indicates that the unified model is better
than the 35-km global and very close in performance to the
two regional models.

Keywords Multi-resolution . Unstructured grid . Ocean
surface wave . Nestedmodel . Polar problem

1 Introduction

Models for ocean surface wave forecasting in weather
centres comprise global and regional systems in order to
efficiently meet service demands. Most regional models
aim to resolve details near coastlines and be compatible
with high resolution atmospheric models. However, these
regional models cannot run alone and have to use large
area or global models to provide boundary wave spectra.
The most traditional nesting technique is to run the two
models together with the regional model domain covered
by both resolutions. Two-way nesting schemes have also
been developed, but still require an overlapping ‘stencil
area’ (Tolman 2008). Using an unstructured grid tech-
nique, this nested model system may be replaced with a
multi-resolution model so both the domain overlapping
and boundary condition for the regional model may be
avoided. A review of grid schemes that can be used to
construct such models is given in Li (2012).

A spherical multiple-cell (SMC) grid (Li 2011) has been
developed and implemented in the WAVEWATCH III ocean
surface wave model (Tolman 1991; Tolman et al. 2002). The
SMC grid is designed to relax the CFL restriction of Eulerian
advection time step at high latitudes by merging the conven-
tional latitude-longitude grid cells as in the reduced grid
(Rasch 1994). High resolution is achieved by mesh refine-
ment, similar to the quadtree-adaptive grid in the
WAVEWATCH III model (Popinet et al. 2010) but does not
need to keep all the four refined cells within one coarse cell as
the quadtree grid does. In order to accomplish these flexibil-
ities, the SMC grid follows a method common to ‘unstruc-
tured’ grids where cells are not arranged in a rectangular array
form, but are instead listed as a 1-D array and linked via cell
and face identifiers, similar to the triangle cell unstructured
grid in the WAVEWATCH III model (Roland et al. 2009). Li
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(2012) describes the application of the SMC grid in wave
models and how to solve the polar problems by fixing the
wave spectral reference direction within a high latitude circle.
It allows wave models to be extended to high latitudes or
even the whole Arctic if the Arctic sea ice disappears in future
summers. Furthermore, the unstructured features of the SMC
grid allows land cells to be removed from the model, bound-
aries to fit irregular coastlines and the support of refined
resolutions with reduced sub-time steps. This latter feature,
and the fact that the SMC grid retains finite-difference
schemes on a conventional latitude-longitude mesh, leads to
an efficient multi-resolution grid. Additional efficiencies have
been incorporated into wave propagation schemes, including
an upstream non-oscillatory second-order (UNO2) advection
scheme (Li 2008), which saves about 30 % advection time in
comparison with the original third-order scheme, and a rota-
tional refraction scheme, which removes the refraction angle
limit imposed by the original advection alike refraction
scheme.

Unresolved small island groups in global coarse resolu-
tion wave models lead to a persistent over-estimation of
ocean swell energy as island blocking is an important sink
of the wave energy (Tolman 2003). This swell over-
estimation is alleviated, particularly in the far field, with
the introduction of sub-grid obstructions; however, high
resolution around islands is still the most appropriate ap-
proach for accurate swell prediction close to islands
(Chawla and Tolman 2008). The SMC grid can resolve
small islands and coastlines with refined resolutions while
keeping the vast open oceans at an affordable resolution.
While refined resolution at operational global model scales
does not completely alleviate the need to use sub-grid
obstruction, improved representation of islands (particular-
ly those with complex shape) is an additional advantage of
this unified model.

The features of the SMC grid make it an ideal candi-
date scheme for application in global or large area
models typically run by National Meteorological
Services, as a replacement or alternative to a multi-
model suite. This paper outlines the essential formulation
of the SMC grid and illustrates its application to conti-
nental shelf seas wave forecasting, based on a unified
model configuration at 25-km global resolution and re-
fined 12- and 6-km resolutions near coastlines and in the
European region. The three-tiered (6-12-25 km) global
multi-resolution SMC grid (SMC6125) has previously
been validated with satellite and buoy data and compared
with a 25-km global latitude-longitude model (Li 2012;
Li and Saulter 2012). Here, the SMC6125 grid is com-
pared with outputs from a traditional nested model suite,
comprising the Met Office operational global 35-km
(G35) grid and European 8-km (EU8) and UK 4-km
(UK4) regional grids.

2 The SMC grid WAVEWATCH III model

The WAVEWATCH III ocean surface wave model is a com-
munity model developed by a group of wave modellers,
particularly Hendrik Tolman (Tolman 1991; Tolman et al.
2002, Tolman et al. 2013). Since 2008, the Met Office has
joined the development group and contributed to the imple-
mentation of a second-order advection scheme, a rotated grid
and the SMC grid in the WAVEWATCH III model, which is
recently released at version 4.18 (Tolman HL and the
WAVEWATCH III® development group 2014). The unified
global and regional wave model is based on the
WAVEWATCH III model using the SMC grid. The global
propagation of ocean surface waves on the SMC grid is given
by Li (2011, 2012), and here, we only outline the SMC grid-
related changes in the WAVEWATCH III model.

2.1 Wave energy balance equation

Because the SMC grid is virtually a latitude-longitude grid, it
uses the same Eulerian ocean surface wave 2-D spectral
energy balance equation as on a spherical latitude-longitude
grid. In the 2-D spherical coordinates with longitude λ and
latitude φ, the equation is given by

∂ψ
∂t

þ ∂Fx

∂x
þ ∂ Fycosφ

� �
cosφ∂y

þ
∂ k̇ψ
� �
∂k

þ
∂ θ̇ψ
� �
∂θ

¼ S

Fx≡uψ−Dx∂ψ=∂x
Fy≡υψ−Dy∂ψ=∂y

ð1Þ

where ψ (t, λ, φ, k, θ) is any component of the wave energy
spectrum, t is the time, k is the wave number, θ is the spectral
direction (usually defined from the local east direction), u and
υ are the zonal andmeridional components of the wave energy
propagation speed, Dx and Dy are the diffusion coefficients
and S is the source term. The geophysical coordinates x and y
are defined locally eastward along the parallel and northward
along the meridian, respectively. Their increments are given
by dx=rcosφdλ, dy=rdφ, where r is the radius of the sphere.
The overhead dot indicates time differentiation along the wave
propagation path. The r.h.s S represents all source terms, and
they are unchanged from the original WAVEWATCH III
model. Note that inWAVEWATCH III model, the wave action
A≡ψ/ω, where ω is the intrinsic angular frequency of the
ocean surface wave, is chosen instead of the wave energy ψ
for conservation when ocean current is present. The wave
action shares the same equation (Eq. 1) as the wave energy
except that the source term is divided by ω. Hence, all prop-
agation schemes for wave energy can be applied to wave
action.

The spherical wave energy balance equation (Eq. 1) differs
from its Cartesian counterpart in the meridian differential term
by an extra cosine factor, which renders the term undefined
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(singular) at the Poles. Thus, except for at the Poles, Eq. (1)
can be approximated with finite-difference schemes similar to
those used in the Cartesian grid. The only difference between
the Cartesian and spherical versions of these finite-difference
schemes is that the latter has an extra cosine factor. The
diffusion term in Eq. (1) may be considered as the sub-grid
mixing term because the model wave spectrum represents the
spatial average over one grid cell. This diffusion term is
usually parameterised to alleviate the so-called garden-sprin-
kler effect (GSE) due to discretisation of the wave energy
spectrum (Booij and Holthuijsen 1987; Tolman 2002).

2.2 Advection-diffusion term

Because the SMC grid is an unstructured grid, its 1-D cell
sequence is arbitrary in theory. For the multi-resolution SMC
grid, its cells are listed in an order sorted by their sizes so that
sub-time steps can be used conveniently for propagation over
refined cells (Li 2012). Neighbouring cell information is
stored in a face-array for each spatial dimension. The cell face
with the normal velocity component u along the x-direction is
called the u-face. Similarly, the cell face with the y-directional
normal velocity component υ is called the υ-face. The advec-
tion flux with the UNO2 scheme and the diffusion flux with a
central-space finite-difference scheme for a u-face between
the central (C) and downstream (D) cells are merged into a
single flux, given by

ΔFx ¼ uψ � −DxGDCð ÞluΔt ð2Þ

where ψ* is the mid-flux value evaluated with the
UNO2 scheme (see Eq. (6) in Li 2008), GDC=(ψD−ψC)/
(xD−xC) is the gradient between the central and down-
stream cells, lu is the u-face length, and Δt is the sub-
time step. The face length is included in the flux (Eq. 2) to
count for the multi-resolution face sizes. Both the advec-
tion and diffusion schemes are of second-order accuracy.
In the presence of an ambient ocean current, the wave
energy propagation speed in the x-direction should be the
sum of the x-components of the wave group speed, cg, and
the current speed, U, that is, u=cg cosθ+Ux.

The diffusion coefficient, Dx=Dy, is chosen to be the
transverse diffusion coefficient Dnn as defined in Booij and
Holthuijsen (1987) and used in the WAVEWATCH III
model. The transverse diffusion coefficient is determined
by the spectral component propagation speed, directional
bin width and a user input swell age parameter. The swell
age has the same meaning as in the regular grid
WAVEWATCH III model, and it has to be adjusted accord-
ing to the base-level grid length and the advection-
diffusion time step to ensure the maximum Fourier number
is less than 1 (or usually set to be 0.5). A guide rule for the
maximum swell age Ts is given by

Dx ¼ cgmΔθ

Δx0

� �2ΔtaTs

12
≤
1

2
; or Ts≤

6

Δta

Δx0
cgmΔθ

� �2

ð3Þ

in which Δta is the advection time step, Δx0 is the base-
level grid length on the Equator, Δθ is the directional bin
width (in radian) and cgm is the maximum deep water group
speed in the model spectral range (usually at the lowest
frequency end).

The l.h.s terms in Eq. (1) are calculated with time-splitting
approaches by combining the first (time differential) termwith
each of the other four terms. The advection-diffusion terms are
discretised on the SMC grid with one flux loop and one cell
loop for each dimension. A temporary net-flux variable, Fnet,
is used for each cell to gather all fluxes into the cell before it is
used for the cell value update. The use of face sizes and the
net-flux variables allows fluxes from different sized faces to
be added up in proportion to their sizes before each cell value
is updated in a cell loop by

ψnþ1 ¼ ψn þ Fnet= lxly
� � ð4Þ

where lx/y is the cell x/y-length. The cell y-length is required
for x-flux update to cancel the face length used in sum of the
fluxes in proportion to the u-face length. The υ-face fluxes are
calculated similarly except for the additional latitude cosine
factor.

An additional benefit of the SMC grid propagation scheme
is the complete blocking by even a single-cell island. As two
consecutive zero-boundary cells are added for each boundary
cell face beyond the coastline in the SMC grid, any single-
point island is virtually expanded into a five-point island in
each dimension. As a result, wave energy cannot pass through
such an ‘expanded island’ with any five-point advection
scheme. Nevertheless, the sub-grid obstruction scheme from
the original WAVEWATCH III model is kept to account for
any unresolved islands by the refined resolutions. The sub-
grid obstruction scheme follows the approach of Hardy et al.
(2000) with some modifications by Tolman (2003).

2.3 Refraction and great circle turning

One primary physical process that affects surface wave prop-
agation is depth-induced refraction. Refraction formulations
in contemporary surface wave models are based on the linear
wave theory, assuming slow-varying ocean depth (WISE
group 2007). Refraction on the SMC grid follows the formu-
lations in WAVEWATCH III (Tolman 1991):

k
: ¼ −ξk⋅∇h−k⋅∇Uk ð5Þ

θ
:
rfr ¼ −ξn⋅∇h−n⋅∇Uk ð6Þ

where k=(kcosθ, ksinθ) is the wave number vector, h is the
water depth, ∇ is the 2-D gradient operator, Uk is the ambient

Ocean Dynamics (2014) 64:1657–1670 1659



current velocity component along the k-direction, ξ=ω/
sinh(2kh) will be referred to as the refraction factor and
n=(−sinθ, cosθ) is a unit vector normal to the k-direction to
the left or at θ+π/2. The wave number change rate (Eq. 5) is
also known as the spectral shift, and the directional change
rate (Eq. 6) is called the refraction rate. More details on
derivation of these refraction rates are available in Li (2012).

Wave energy travels along the shortest route on the ocean
surface, that is, along great circles on the sphere. So, a wave
spectral component will not be confined at its defined direc-
tion but will shift gradually with latitude along its great circle
path, a procedure known as great circle turning (GCT).
Assuming the great circle direction is at an angle θ from the
local east direction at latitude φ, the GCT rate along the
propagation direction is then given by

θ
:
gct ¼ − cg=r

� �
cosθ tan φ ð7Þ

The net wave direction-changing rate used in Eq. (1) for the
SMC grid is then the sum of the refraction rate (Eq. 6) and the
GCT rate (Eq. 7).

In WAVEWATCH III, the refraction and GCT are calculat-
ed with an advection-like scheme, which is subject to the
equivalent CFL limit, that is, the rotation increment should
be less than one directional bin width (∼10°) per time step.
Here, for the SMC grid, a rotation scheme is substituted for the
advection-like scheme to estimate the refraction and GCT term
so that the CFL limit can be avoided. The rotation scheme is
similar to a re-mapping advection scheme and is uncondition-
ally stable. Although the rotation scheme does not have any
limit on the refraction increment, the refraction angle should
not pass beyond the depth gradient line (where n⋅∇h=0) as
stated in the refraction rate (Eq. 6). This physical limiter on the
total refraction angle is included in the rotation scheme. The
angle between the spectral direction and the depth decrease
direction is calculated by

γ ¼ cos−1 − hxcosθþ hysinθ
� �

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2x þ h2y

qh i
ð8Þ

where hx and hy are the water depth gradient along x- and
y-axis, respectively. Because the FORTRAN function ACOS
returns a value between 0 and π, the maximum refraction
angle (absolute value) is then chosen to be less than π/2 with
Δθmxrfr=min(η, γ, π−γ). The constant η (<π/2) is a user-
defined maximum refraction angle to reduce the refraction
effect if required. If η is set to be less than one directional
bin width, the rotation scheme will be equivalent to the orig-
inal advection-like scheme in the WAVEWATCH III model
without using sub-time steps. This simple rotation subroutine
not only removes the time step restriction on the refraction
angle but also adds an implicit diffusion in the θ direction.

This additional smoothing in the transverse direction is desir-
able for wave models to mitigate the GSE.

The spectral shift term, fourth in Eq. (1), is calculated with
an advection-like UNO2 scheme in the k-space because the
spectral shift is usually small enough to meet the CFL condi-
tion. The term is calculated at the base time step for all cell
spectra.

3 Comparison of SMC6125 model with a global-regional
nested system

3.1 The SMC6125 model

In principle, a multi-resolution SMC grid can be defined using
as many refinements as required by the user. In practical
applications for operational forecasting purposes, computa-
tional resources and resolution of available wind forcing ne-
cessitate a pragmatic approach. In the case described here a
three-tiered model based on a 25-km global cell size is eval-
uated. The global SMC6125 grid is shown in Fig. 1. For
clarity, only the Arctic and European regions are shown here.
The highest resolution of the SMC6125 grid (for size-1) cell is
set to be Δλ=360°/(1024*4)=0.3515625°/4 and Δφ=180°/
(768*4)=0.234375°/4, and the latitudinal grid length is about
6 km. The SMC grid uses only the sea points or cells and
refines the resolution by two levels to 6 km around islands and
coastlines, resulting in a global three-level (6-12-25 km) SMC
grid on the ocean surface. Cells are merged longitudinally at
high latitudes following the same rules in Li (2011) to relax
the CFL restriction. A polar cell is introduced to avoid the
singularity at the Pole, and a fixed reference direction is
substituted for the local east within the red circle in Fig. 1 to
maintain the scalar assumption for wave spectral components
(Li 2012).

To approach the resolution of the Met Office European
regional model (described in the next section), the
SMC6125 grid is refined in the European region at 12-km
resolution, which includes the UK waters, the Baltic Sea, the
Black Sea and the Mediterranean Sea. Note that this refined
region does not match exactly the European 8-km model
domain as the latter uses a rotated grid. Because of the de-
crease of grid length with latitude, the SMC6125 refined 12-
km resolution is very close to the rotated 8-km resolution in
physical distance. The red ‘Y’ symbols in Fig. 1 indicate the
buoy and platform sites, which are used for comparison with
other models.

A significant wave height (SWH) field of the SMC6125
model as viewed from the same projection as Fig. 1 is shown
in Fig. 2, and it confirms that the minimum sea ice edge
around the beginning of September 2012 is still below 86°
N, within the global part of the SMC6125 model. So, the
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Fig. 1 The Arctic and European part of the SMC6125 grid
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Fig. 2 SWH from SMC6125 model at 1200 hr on 06 September 2012, close to the minimum Arctic sea ice in summer 2012
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Fig. 3 Comparison of UK4 and SMC6125 grids and SWH on 15 December 2012
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Arctic part of the SMC6125 model (above the yellow circle in
Fig. 1 or Fig. 2) has not been activated for this study. The
SWH plot also confirms that the energy flux across transition
between different resolution parts, such as crossing the merg-
ing parallels at high latitudes and from the coarse base-level
25-km resolution to refined 12-km European region, is
smooth and continuous. This smooth transition between dif-
ferent resolution parts is a direct benefit to this multi-
resolution grid. Nested grids use more complicated two-way
nesting techniques to achieve the same effect (Tolman 2008).

3.2 Comparison of the SMC6125 model with operational
models

As the unified SMC6125 model is intended as an alternative
to a traditional operational global and regional wave model
suite, it is then compared with the Met Office present opera-
tional suite, comprising a global 35-km multi-grid model
(G35), the European 8-km model (EU8) and the 4-km model
around the UK waters (UK4). The G35 model uses a multi-
grid version of the WAVEWATCH III model with the middle
main domain covering from 65.5° S to 72.0° N at a resolution
of about 35 km and two polar stripes connecting the main
domain to the polar regions at reduced resolution of about
60 km.

The EU8 model is framed on a rotated grid, covering
roughly 25° W to 45° E and 30° N to 70° N at constant
resolution of 0.08° at both directions. The rotated N-Pole is
at 177.5° E and 37.55° N, so the rotated Equator is about 52°
N at the zero meridian, or approximately crossing London,
UK. Because the SMC6125 grid uses standard latitude-
longitude meshes, its size-2 longitudinal resolution in the
refined European region has shrunk close to that of the EU8
model due to increased latitudes.

The UK4model is also on the same rotated grid as the EU8
model but at the higher resolution of 0.04° for both latitude
and longitude dimensions. Its grid and SWH plots are shown
in Fig. 3 alongside the corresponding one from the SMC6125
model. The size-1 cell is very close to the UK4 cell while the
size-2 cells are more than doubled the UK4 cells. So, the
SMC6125 grid is coarser than the UK4 except for near the
coastlines. Nevertheless, the SWH on 15 December 2012
from both models are very close as shown in the lower two
panels in Fig. 3.

A comparison of model run times for the different model-
ling systems on the IBM Power 7 supercomputer used at the
Met Office indicates that the G35 model required 0.36 node
hours (32 processors to a node) per 24-h period predicted. The
EU8 required 0.1 node hours and the UK4 model 0.09 node
hours. The SMC6125 model required 0.49 node hours. Thus,
the overall cost of running the SMC6125 model in these

experiments was approximately the same as that needed for
either the G35-EU8 or G35-UK4 nested set-ups. This is
despite the SMC6125 model being approximately 30 % better
resolved in the open ocean, having similar resolution to the
EU8 in European seas and using an order of magnitude higher
resolution than the G35 around all other global coastlines.

3.3 Choice of source terms

There are various choices for the source terms in
WAVEWATCH III, and the Met Office operational wave
model selection is a compromise between accuracy and effi-
ciency. When not constrained by assimilating observations,
wave model accuracy is primarily affected by the wind field
used to force the model, the source term package applied in
the wave model and then the grid scheme. To isolate the
effects of the SMC grid, the SMC6125 configuration was
compared with runs of the Met Office operational global-
nested regional model set-up using the same forcing and
physics package for all model runs. Wind forcing at 10 m
above the sea surface was taken from the operational analysis
cycle of the Met Office global atmospheric model at a resolu-
tion of approximately 25 km. The source term package is
based on WAM-cycle4 (WAMDI group 1988) and uses sim-
ilar parameter settings to those described by Bidlot (2012), but
with the addition of a limited swell dissipation based on the
scheme available in WAVEWATCH III (ST3 option) follow-
ing Ardhuin et al. (2010). This approach was adopted to
reduce wave height over-prediction bias in the tropics which
occurred in the global wave model when using the WAM-
cycle4 source terms only.

Table 1 Source term
parameter settings used
in WAVEWATCH III for
this study

Name list Parameter Value

SIN3 BETAMAX 1.28

ZALP 0.008

ALPHA0 0.006

SWELLFPAR 3

SWELLF 0.2

SWELLF2 −0.012
SWELLF3 −0.009
SWELLF5 0.4

Z0RAT 0.04

SDS3 SDSC1 −1.33
SDSDELTA1 0.5

SDSDELTA2 0.5

SBT1 GAMMA −0.038
SDB1 BJALFA 0.01

FLX3 CDMAX 3.5E-3

CTYPE 0
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Fig. 4 Comparison of SMC6125
model SWH with 30 spectral
buoys form 1 September to 31
December 2012 (top single panel)
and their four-bin SRWH break
down (bottom four panels)
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Tuning of the ST3 source term has been done with the help
of the four-bin sub-range wave height (SRWH), which is
similar to the commonly used SWH but integrated over a
limited sub-range of the wave spectrum (Li and Holt 2009).
The four-bin SRWH reveals performance of the wave model
in different spectral ranges and roughly indicates the ability of
the model to represent wind sea and swell. The SRWH can be
measured against wave spectral observations, such as wave
spectral data from buoys. So, source term parameters control-
ling the wave energy input can be tuned with the SRWH in the
wind sea range, and wave energy dissipation parameters can
be adjusted with the swell SRWH components. The final
parameter settings for the ST3 source term used in this study
are given in Table 1.

4 Validation results and discussions

4.1 Validation of the SMC6125 model with buoys

To demonstrate overall performance of the model and source
term choice, the SMC6125 model is first validated with wave
spectra from 32 NDBC buoys over 4 months, September–
December 2012 (available online at http://www.ndbc.noaa.
gov). See Fig. 4 in Li (2012) for the spectral buoy locations
marked with ‘Y’ symbols. These spectral buoys are mainly
scattered along the coastlines of USA, and they represent
typical wave regimes: enclosed waters of wind sea only, like
the Gulf of Mexico; open oceans with mixed wind sea and
swells, such as the Pacific Ocean around the Hawaii Islands,
and coastal regions for most of the buoys. These buoys yield
1-D ocean surface wave spectra at roughly 0.01-Hz interval
from 0.02 to 0.5 Hz at each hour. The model 2-D spectra at the
closest grid points and the model time steps are comparedwith
the buoy data.

Figure 4 shows scatter plots for both the SWH and four-bin
SRWH. It is evident that both the total SWH and the four-bin

SRWH are in good agreement with the buoy observations.
The rms error of the model against 23,671 entries of buoy
SWH data is about 0.24 m as shown in the top panel of Fig. 4.
The correlation is as high as 0.94. The mean SWH bias is less
than 0.01 m. The model performance is balanced over the
whole spectral range as the four-bin SRWH indicates. The first
two bins (wave period T>16 s and T between 10 and 16 s)
may be considered to represent the swell and the last two bins
(T between 5 and 10 s and T<5 s) are characteristic of the
wind sea. The four scatter plots in Fig. 4 (lower four panels)
show similarly small rms errors and high corrections for all the
four-bin SRWH components. The bias varies from −0.05 to
0.08 m for the four bins with the best match (0.02 m) in the
pure wind sea bin (T<5 s). This indicates a very good tuning
of the wind input source term to the forcing wind. The in-
creased bias (0.08 m) in the swell bin (T>16 s) means that
swell field is slightly higher in the model than the buoy
spectra, which could be caused for many possible reasons.
For instance, it could be partially due to the dissipation not
being strong enough or it might be missing some coastal
blocking. It could also be the result of the coastline approxi-
mations as steps or truncation errors in the propagation
schemes. Nevertheless, the overall rms errors are small and
the results are satisfactory.

4.2 Regional shelf sea comparisons of the SMC6125 model
with operational models

To assess the performance of the SMC6125 in waters covered
by the Met Office regional models, a detailed comparison has
beenmade in a number of sea areas around the UK continental
shelf. The verifying data in these cases were taken from in situ
platforms contributing to the JCOMM inter-comparison of
operational ocean wave forecasting systems (Bidlot et al.
2007). Table 2 presents a summary of bias and root mean
squared error (RMSE) statistics from these areas and indicates
that overall levels of performance from the SMC6125 and the
two regional nested models are extremely close. In a number

Table 2 SWH verification statistics for UK sea areas

Area SMC6125 G35 EU8 UK4

Bias RMSE Bias RMSE Bias RMSE Bias RMSE

UK 0.07 0.37 0.09 0.40 0.03 0.37 0.05 0.37

Southwest Approaches 0.01 0.38 0.10 0.45 0.01 0.38 0.04 0.38

Northwest Approaches −0.04 0.45 −0.02 0.47 −0.10 0.46 −0.08 0.45

Northern North Sea 0.14 0.40 0.11 0.40 0.11 0.39 0.16 0.40

Central North Sea 0.09 0.35 0.12 0.37 0.06 0.35 0.07 0.35

Southern North Sea 0.09 0.25 0.05 0.27 0.04 0.24 0.05 0.24

Irish Sea −0.09 0.25 −0.11 0.28 −0.10 0.25 −0.12 0.25

Statistic values are given in metres
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of cases, the G35 scores fall close to those of other models,
indicating that the primary contributions to errors will result
from wind forcing and the model source terms.

Nevertheless, the grid choice can be seen to have an effect
on the model skill. More detailed inspection of the verification
illustrates the performance of the SMC6125 model in envi-
ronments where the proximity of land will affect the fetch to
the measurement locations in a number of directional sectors.

The ‘Y’ symbols in the top-right panel of Fig. 3 indicate two
groups of buoys and platforms used for the comparison, one
group in the southwest approach of England (marked with
yellow IDs) and the other in the central North Sea area (with
orange IDs).

Figures 5 and 6 show results of a verification comparison
between the SMC6125 and the G35, EU8 and UK4 wave
models. In the Southwest Approaches case (Fig. 5), the

Fig. 5 Comparison of performance of the Met Office operational Global
35-km, European 8-km and UK 4-km wave models with the SMC6125
model in prediction of significant wave height for in situ platforms in the
Southwest Approaches to the UK. Plots in columns from left to right

show bias and RMSE through 5% subsamples of the model significant
wave height range; Taylor plot and quantile-quantile plot of data at 0.1%
intervals from 0.1–99.9%

Ocean Dynamics (2014) 64:1657–1670 1667



influence of waves generated in open waters of the Atlantic is
important for waves from prevailing westerly sectors. The
verification for this area tests the boundary condition proper-
ties of the nested models and effect of cell refinement in the
SMC6125 model, in addition to providing a check on how the
models handle sheltering and fetch limitation effects associat-
ed with the peninsulas of southern Ireland, western England
and northwest France. In the case of the Central North Sea
(Fig. 6), a long fetch is only established for waves from the

north and this verification should highlight how each model
deals with fetch representation in the region.

Each figure comprises (by column) a comparison of bias
and error standard deviation based on 5 % subsamples of the
modelled SWH, a Taylor plot and a (0.1 % stepped) quantile-
quantile plot of model versus observation and (by row) the
comparison between the SMC6125 model and the G35 and
nested EU8 and UK4 configurations. In Figs. 5 and 6, and
indeed for other regional cases, the quantile-quantile

Fig. 6 Same as Fig. 5 but for in situ platforms in the Central North Sea
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comparisons show good agreement between the modelled and
observed wave height climate up to around the 98th percen-
tile, so in general, the model configurations can be thought of
as replicating the background climate well.

The upper row of panels in Fig. 5 compares the G35 and
SMC6125. A substantive improvement in bias, error standard
deviation and correlation (shown by a shift toward the x-axis
in the Taylor plot) can be seen for the SMC6125 data. The
central and lower row of panels, which compare the
SMC6125 respectively to the EU8 and UK4 configurations
suggest a negligible difference between the models. In the
Central North Sea case (Fig. 6), the differences between all
models are more limited, although a small improvement oc-
curs in error standard deviation between the G35 and other
configurations, and amore substantive improvement is seen in
bias. Speculating somewhat, it is likely that the more marked
improvement between G35 and higher resolution configura-
tions in the Southwest Approaches is most heavily influenced
by the better representation of headland sheltering that the
resolution increase enables.

Overall, these examples suggest that the SMC model is
capable of meeting its designated aims, i.e. to provide an
improvement beyond a regular grid global model and
achieve similar levels of accuracy to a high resolution nested
model in regional seas. Although subject to further testing,
these results appear to be robust to changes in the source
term physics used by the model. In the test scenario pre-
sented in this paper, where wind data and source term
schemes were identical for each configuration, the SMC
model has been demonstrated to have almost identical per-
formance to a similarly resolved and a higher resolution
regional model. Within an operational forecasting frame-
work, however, the regional systems may be associated with
high resolution wind data and be subject to particular source
term refinements relevant to the local model but inappropri-
ate for a global system. For a single global model to com-
pete with this type of system, further work may be necessary
to introduce ‘blended’ wind (and ocean) forcing to the wave
model and to obtain a source term parameterisation that is
truly independent of the need to tune between models with
different grid scalings.

5 Conclusions

The SMC grid has been implemented in WAVEWATCH III
and tested as an alternative to an operational global-nested
model suite. In a controlled test, where wind forcing and
physics schemes are the same for all models, results indicate
that the SMC6125 is better than the G35 global model and
comparable with two regional models at higher resolutions.
The improvement against the global model is likely to directly
result from improved representation of coastline sheltering

and fetch length. The results suggest that, if regional high
resolution wind forcing could be blended with the global wind
field and used to drive the high resolution part of the
SMC6125 model, the unified wave model is capable of re-
placing a global and nested regional operational suite. The
advantages of this approach would be to improve computa-
tional efficiency and simplify configuration management
without a sacrifice of accuracy.
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