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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 actually running the two models together with the
regional model domain covered by both resolutions. Two way schemes have also been developed, but
still require an overlapping 'stencil area’. Using an unstructured grid technique, this overlapping may
be avoided and boundary conditions can be simplified by flexible positioning of boundaries.

A spherical multiple-cell (SMC) grid (Li 2011) is designed to relax the CFL restriction of Eulerian
advection time step at high latitudes by merging the conventional lat-lon grid cells as in the reduced
grid (Rasch 1994). It solves the polar problem by introducing a polar cell and fixing the wave spectral
reference direction within a high latitude circle. These polar features of the SMC grid allow wave
models to be extended to high latitudes or even the whole Arctic if the Arctic sea-ice disappears in
future summers. The unstructured feature of the SMC grid allows land cells to be removed from of
the model and boundaries to fit irregular coastlines.

A particular feature of the SMC grid is that it supports refined resolutions with reduced sub-time
steps, leading to an efficient multi-resolution grid. The SMC grid has been implemented in the latest
version of the WAVEWATCH III (Tolman 1991, Tolman et al. 2002). Additional efficiencies have
been incorporated into wave propagation schemes, including an upstream non-oscillatory 2nd-order
(UNQO?2) advection scheme (Li 2008), which saves about 30% advection time in comparison with the
original 3rd-order scheme, and a rotational refraction scheme, which removes the refraction angle
limit imposed by the original advection alike refraction scheme (Li 2012). This SMC grid is used here
to merge high resolution regional models into a coarse resolution global model so that a single unified
model could be used to replace the multi-model operational forecasting suite.

The SMC grid can also be used for regional models like other unstructured grids. It would be
particularly useful for applications in irregular areas, such as the Great Lakes, the Mediterranean Sea
and even the whole Atlantic. The former two regions do not need any boundary conditions (if the
Strait of Gibraltar is negligible) and can be run as independent models. Even for the Atlantic model,
the unstructured grid allows the model domain to be extended conveniently to minimise boundary
conditions. Results from these 3 regional models will also be demonstrated. In comparison with the
existing unstructured finite element grid in the WAVEWATCH III model (Roland et al 2009), the
SMC grid retains the finite difference schemes on the conventional lat-lon meshes. Hence the SMC
grid is simpler and faster than the finite element grid.

Besides, unresolved small islands incur errors in global ocean surface wave models as they are
important sinks of the ocean surface wave energy (Tolman 2003). Missed island groups in coarse
resolution global models lead to a persistent under-prediction of wave energy blocking. Although the
far field errors can be alleviated with sub-grid obstructions, high resolution around islands is still the
most appropriate approach for accurate swell prediction close to islands (Chawla and Tolman 2008).
The unstructured SMC grid can resolve small islands and coastlines with refined resolutions while
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keeping the vast open oceans at an affordable resolution. This is an additional advantage of this
unified model.

This paper outlines the essential formulation of the SMC grid and illustrates its features with a
unified mode at 25 km global resolution and refined 12 km and 6 km resolutions near coastlines and in
the European region. The 3-tiered (6-12-15 km) global multi-resolution SMC grid (SMC6125) has
been validated with buoy data and compared with a 25 km global lat-lon (G25) model. Here the
SMC6125 grid is compared with the Met Office operational global 30km (G30) grid, European 8 km
(Euro8) and UK 4km (UK4) regional grids. Other examples of the SMC grid for the Atlantic Ocean
and the Great Lakes are also demonstrated.

2. Wave propagation on a sphere

The Eulerian ocean surface wave model is based on a 2D spectral energy balance equation. In the 2-D
spherical coordinates with longitude A and latitude ¢, the equation is given by
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where y(t, 4, ¢, k, 0) is any component of the wave energy spectrum, ¢ is the time, k is the wave
number, @ is the spectral direction usually defined from the local east direction, u and v are the zonal
and meridian components of the wave energy propagation speed, D, and D, are the diffusion
coefficients, and S 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 =
rcospdl, dy = rdp, 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 WW3 model. Note that in WW3 model the wave action A= l/// @, where o is the

intrinsic angular frequency of the ocean surface wave, is chosen instead of the wave energy w for
conservation when ocean current is present. The wave action shares the same equation (1) as the wave
energy except that the source term is divided by o. Hence all propagation schemes for wave energy
can be applied on wave action.

The spherical wave energy balance equation (1) differs from its Cartesian counterpart in the
meridian differential term by an extra cosine factor, which renders the term undefined (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. Because the
SMC grid retains the lat-lon grid cells, the wave energy balance equation (1) is also valid on the SMC
grid.

The diffusion term in (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-sprinkler effect (GSE) due to discretization of the wave
energy spectrum (Booij and Holthuijsen 1987, Tolman 2002).

One primary physical process that affects surface wave propagation is the depth-induced
refraction. Refraction formulations in contemporary surface wave models are based on the linear
wave theory, assuming slow-varying ocean depth. The refraction on the SMC grid follows the same
formulations in the WW3 (Tolman 1991):

k=—-(k-Vh-k-VU, (2a)

6, =—¢(n-Vh-n-VU, (2b)
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where k =(kcosf, ksin) is the wave number vector, & is the water depth, V is the 2-D gradient
operator, Uy is the ambient current velocity component along the k direction, & = @/sinh(2kh) will

be referred to as the refraction factor and and n = (-sinf, cosé) is a unit vector normal to the k
direction to the left or at & + z/2. The wave number change rate (2a) is also known as the spectral
shift and the direction change rate (2b) 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 direction 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 @ from the local east direction at latitude ¢, the
product of cosines of these two angles is conserved on the great circle path, that is,
cos@cos @ = const., which provides a simple rule for navigation along great circles and leads to the

following GCT rate along the propagation direction

6., = —(cg /r)cos ftan @ 3)

8

where ¢, is the wave group speed defined by
¢, = ¢, (tanh (ki) + kh/cosh? (kh)) @)

in which ¢,, = g/2m is the group speed in deep waters. The net wave direction changing rate used in
(1) for the SMC grid is then the sum of the refraction rate (2b) and the GCT rate (3).

3. Numerical schemes on a SMC grid

Scalar advection schemes on the SMC grid are described in Li (2011). Here summarised are other
terms in (1) and treatment of advection and diffusion on the multi-resolution SMC grid. It also tackles
the polar problem with vector components at high latitudes.

3.1. SMC grid cell and face arrays

A global SMC grid is shown in Fig.1. For clarity, only the Arctic region is shown here. The
highest resolution of the SMC grid (for size-1) cell is set to be A4 = 360°(1024*4) = 0.3515625°4 and
Ap = 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 3-level (6-12-25 km) SMC grid on ocean surface. This SMC grid will
be referred to as the SMC6-25 grid. Cells are merged longitudinally at high latitudes following the
same rules in Li (2011) to relax the CFL restriction. A unique 5-element integer array is assigned to
each cell to hold its SW corner x-, y-indices (i, j), cell x-, y-sizes (Ai, Aj), and water depth (4), as
illustrated in Fig.2. The x- and y-indices are measured in size-1 cell increment so the cell centre
latitude and longitude can be worked out with

9. =(jo+ j+0.5%A)Ag; A =(iy+i+0.5%Ai)AA (5)

where iy and ji are the origin of the cell x- and y-indices relative to the zero-meridian and the Equator,
respectively. For the SMC6-25 grid, the origin of the grid indices is set at zero-meridian on the
Equator so both i and j, are zero. The mapping rule (5) is exactly the same as that for the lat-lon grid
cells except for that the SMC grid cells are not arranged in spatial sequence (hence is called an
unstructured grid) and their sizes may change by a multiple of 2 (size-1, size-2, size-4, ...). The depth
h is also rounded to an integer so the whole cell array can be declared as an integer array. The cells
are listed as a 1-D array and sorted by their y-size for use of sub-time steps on refined cells. Please
note that the sorting is on the y-size not the x-size because the cell x-size may change on the same
resolution level due to the longitudinal merging at high latitudes. The cell y-size will be in ascending
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order in the sorted cell array list and the number of cells for each resolution level (of a given y-size) is
listed on the first line of the cell array file after the total cell number. This cell number counts will be
used for declaring the cell array variable and setting up the sub-loops for propagation schemes.

It should be emphasized that the cell size has to be increased no more than 1 level for any
neighbouring cells, that is, around a size-1 cell the neighbouring cells can be either size-1 or size-2.
Similarly, size-2 cells can be linked to cells of the same size-2 or either 1-level down (size-1) or 1-
level up (size-4). This 1-level size change rule ensures resolution varies gradually and simplifies the
face flux formulation. Putting cells of more than 1 level difference in sizes sided by side would
jeopardise the present face array generating program.

SMC6125 Grid
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Fig.1. The Arctic part of the SMC6125 grid.

Once the cell arrays are compiled in the sorted order, cell face arrays can be generated with an
extra FORTRAN code. Cell faces are named by its normal velocity components as u- or v-faces. An
7-element integer array is pre-calculated for each face to store its face position, size, and its upstream-
central-downstream (UCD) cell indices. An extra y-size integer is added for the v-face array for
sorting purposes. Face sizes are chosen to be the minimum size between the two neighbouring cells.
For a cell face neighbouring two cells of 1-level below, the face is divided into two faces of the
lowered level size. This minimised face size ensures one face links two cells only. The face arrays
are also sorted by its y-size so that the multi-resolution advection/diffusion loops can be divided into
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multi-step sub-loops. The total face number and sub-level face numbers are listed on the first line of
the face array file for propagation and mapping purposes. The face arrays are used to calculate the
advection-diffusion and the depth gradient.

For the unified model, the SMC6-25 grid is refined in the Euro8 and UK4 regions at 12 km
resolution by replacing size-4 cells with size-2 cells. This refined grid is referred to as the SMC6125
grid. Outside the Euro8 region, the SMC6125 grid is identical to the SMC6-25 grid so its global buoy
comparison results are identical to those of the SMC6-25 grid shown in Li (2012).
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Fig.2. llustration of SMC grid cell arrays.

3.2. Advection-diffusion schemes

The L.h.s terms in (1) are calculated with time-splitting approaches by combining the first (time
differential) term with each of the other 4 terms. The advection-diffusion terms are discretised on the
SMC grid with one flux loop and one cell loop for each dimension. Note that the diffusion term used
here is slightly different from the original GSE smoothing term (Booij and Holthuijsen 1987). The
original diffusion term is designed to enhance the transverse smoothing because a first order upstream
advection scheme is used and it has already introduced strong smoothing along the wave propagation
direction. The asymmetrical diffusion results in a cross term in Cartesian coordinates. In this SMC
grid wave model, the advection is estimated with an upstream non-oscillatory 2™ order (UNO2)
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scheme (Li 2008), which is adapted from the MINMOD scheme (Roe 1985). As the implicit diffusion
of the 2™ order advection scheme is much smaller than that of the first order scheme, the diffusion
term is simplified to be isotropic so the cross-term vanishes. Besides, the refraction and GCT term
provides extra directional smoothing, which makes the total smoothing biased towards the transverse
direction, similar to the original asymmetrical smoothing term.

The advection flux with the UNO2 scheme and the diffusion flux with a central-space finite
difference scheme for a u-face between the central and downstream cells are merged into a single flux,
given by

AFX = (I/l l// * _DXGDC )luAt (6)

where y* is the mid-flux value evaluated with the UNO2 scheme (see Eq. (6) in Li 2008), Gpc =(wp —
wo)l(xp — xc) is the gradient between the central and downstream cells, /, is the u-face length and At is
the sub-time step. Both the advection and diffusion schemes are of 2™ 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 group speed and current speed components, that is, u = ¢, cos@ + U,.

The diffusion coefficient, D, = D,, is specified by the spectral component propagation speed,
directional bin width and a user input swell age parameter as the transverse diffusion coefficient D,, in
the original model. The swell age has the same meaning as in the regular grid WW3 model and it has
to be adjusted according to the base-level grid length and the advection time step (diffusion is
calculated at the same time step as advection) 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 7T} is given by

2
, or Y:Si A%, (7)
ALY

in which Az, is the advection time step, Axp is the base level grid length on the Equator, A8 is the
directional bin width (in radian) and c,,, is the maximum deep water group speed (c,,) in the model
spectral range (usually at the lowest frequency end). If the swell age is set too large, the diffusion
term will become unstable and eventually bring the model to a crash. It would be convenient if the
swell age was reduced automatically inside the model when users accidentally set it too large. This
automatic adjustment, however, has not been set up yet.

A temporary net-flux variable, F,,, is used for each cell to gather all fluxes into the cell before it
is used for the cell value update. The flux (6) is added to the downstream cell net-flux variable and
subtracted from the central cell net-flux variable at the same time for energy conservation. The use of
face sizes and the net flux variables allow fluxes from different sized faces to be added up in
proportion to their face sizes. After the face loop is completed, each cell value is updated in a cell
loop by

v =y Buflis) ®

where [, 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 v-face fluxes are calculated similarly
except for the additional latitude cosine factor.

For the multi-resolution SMC6-25 grid, the face and cell loops are sorted into 3 sub-loops
according to their y-sizes, thanks to the unstructured nature of the SMC grid. Advection-diffusion
terms for the refined 6- and 12-km cells are calculated at %4 and V2 of the base level time step, that is,
the 6-km flux and cell loops are done twice before the 12-km flux and cell loops are calculated once.
The base level flux and cell loops are only calculated at each base level time step. The temporary net-
flux variable is used to accumulate fluxes between different levels and is reset to zero once it is used
for its cell update. The simple loop-regrouping technique for multi-resolution SMC grid allows a
smooth transfer from a single resolution SMC grid to a multi-resolution grid with optimised
efficiency.
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Another feature of the SMC grid is the unification of boundary conditions with internal flux
evaluations. Cell faces at coastlines are assumed to be bounded by two consecutive empty cells when
the face arrays are generated. Thus, any wave energy transported into these empty cells will
disappear, and no wave energy will be injected out of these zero cells into any sea cells. This
convenient setup conforms to the zero wave energy boundary condition at land points used by ocean
surface wave models and allows all the boundary cell faces to be treated in the same way as internal
faces in one face loop. In addition, the periodic boundary condition for a global model is
automatically included by the unstructured grid. So short boundary loops are avoided in the SMC grid
propagation schemes and the full face and cell loops are streamlined for vectorization and
parallelization.

An additional benefit of using two consecutive zero-boundary cells beyond the coastline is the
complete blocking of wave energy by single-point islands. On a conventional lat-lon grid, wave
energy can ‘leak’ through a single-point island due to the interpolation with neighbouring sea points in
transport schemes which use a 5-point stencil like the UNO2 scheme. In the SMC grid, any single-
point island is extended with two zero cells beyond its boundary face. As a result, wave energy cannot
pass through such ‘expanded island’. Nevertheless, sub-grid obstruction scheme from the original
WAVEWATCH III model is kept to count for islands unresolved by the 6-km resolution. The sub-
grid obstruction scheme follows the approach of Hardy et al (2000) with some modifications (Tolman
2003).

3.3. Refraction and spectral shift schemes
It should be emphasized that the linear surface wave theory is only valid when the water depth is
non-zero (Falnes 2002). When /h approaches zero, for instance, the refraction rate (2b) becomes

undefined because the & factor approaches infinity (§ ~ 0.5,/ g / h). Tt is then customary in wave

models to use a minimum water depth for the refraction term. A minimum water depth of 10 m is
recommended and the refraction factor will then be less than 0.5.

Apart from shallow water depth, steep ocean floor and large time step may also result in a large
refraction rate. For instance, if the discrete depth gradient is assumed to be A#/Ax = 0.1 and time step
is At = 1000 s, the maximum refraction angle per time step might be AtAh/2Ax ~ 50 rad or about 8 full
circles, which is no longer physically meaningful and is too large to fit into any advection-like
refraction schemes used in contemporary wave models. One way to avoid this unrealistic large
refraction increment is to use a small time step but this usually turns out to be too restrictive for wave
models. Since refraction in a wave model is usually a minor process and is confined to coastal
regions, the refraction increment is simply reduced to fit for the advection-like CFL condition in some
wave models (WAMDI group 1988, Booij et al 1999, Tolman etal 2002). The CFL condition requires
the refraction angle increment per time step to be less than one directional bin width (about 10°) and,
of course, reduces the refraction effect. The latest version of the WAVEWATCH III model uses sub-
time step to relax this restriction on the refraction term.

Here for the SMC grid wave model, a rotation scheme is substituted for the advection-like
scheme to estimate the refraction term so that the CFL limit can be avoided. The rotation scheme is
similar to a re-mapping advection scheme and is unconditionally 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-Vh =0) as stated in the refraction rate (2b). 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:

y=cos” l— (hx cos @+ h,sin 49)/1 [h +h; J 9)

where h, and h, are the water depth gradient along x and y axis, respectively. Because FORTRAN
function ACOS returns value between 0 and n, the maximum refraction angle (absolute value) is then

chosen to be less than n/2 with A6, . =min(7, ¥, 7 —¥). The constant n (< 7/2) is a user-defined

mxrfr
maximum refraction angle to reduce the refraction effect if required. If 1 is set to be less than one
directional bin width, the rotation scheme will be equivalent to the original advection-like scheme in
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the WAVEWATCH III model without using sub time steps. For the present comparison study, the
refraction limiter is set to be n/3. This refraction limiter may prevent all directional components from
converging at the depth gradient direction within one time step, which may result in unrealistic large
wave energy like caustics in ray tracing models. It also creates room for merging the refraction with
other directional changing terms, such as the refraction by ambient current and the GCT term.

The GCT term (3) can be fit into an advection-like scheme because it is usually less than one
directional bin (~ 10°). For instance, if the time step is less than 900 s, the GCT angle (3) will be less
than 1° per time step below 85° latitude, as the wave propagation angular speed, c¢/r, is on the order of
10° rad s'. However, as the refraction term is calculated with a rotation scheme in the SMC grid
model, the GCT term is simply appended to the refraction term to form a total rotation angle. The
rotation subroutine rotates each directional component by the combined angle and partitions its energy
into the two directional bins which the rotated one strides across after the rotation. This simple
rotation subroutine not only removes the time step restriction on the refraction angle but also adds an
implicit diffusion in the 6 direction because its implicit diffusivity is equivalent to that of the first
order upstream scheme. This additional smoothing in the transverse direction is desirable for wave
models to mitigate the GSE.

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

3.4. The polar problem

The ocean surface wave energy spectrum is usually defined as discrete directional components from a
reference direction at the local east and each directional component is assumed to be a scalar in wave
propagation. This scalar assumption has been taken for granted in finite difference schemes, such as,
calculation of the local gradient, Gpc = (wp — wc)/(xp — xc), where the vector components yp and ¢
for the two neighbouring cells are assumed to be at the same direction, that is, to be treated as a scalar.
This scalar assumption is a good approximation for a global wave model when the ice covered Arctic
area is excluded. However, the scalar assumption becomes erroneous at high latitudes on a reduced
grid since the change of direction over one grid-length grows too large to be ignored. For instance, in
the SMC6-25 grid (see Fig.1) there are 8 cells immediately around the polar cell, the local east
direction changes by 45° over one cell length. The invalid scalar assumption based on local east
reference direction in the polar region prevents extension of ocean surface wave models at high
latitudes. This problem can be avoided by switching to a fixed reference direction, for instance, the
map-east direction as viewed on a stereographic projection of the polar region. Assuming the angle
from the map-east to the local east is a, the wave spectral component for a given direction of angle 6
from the local east will have an angle 8’ = 8 + a from the map-east. Its zonal and meridian group
speed components are then given by

c,cos@=c, cos(¢ — )
10
c,sin@=c,sin(6' - @) (10)

Note that the polar cell does not have a local east direction so the velocity could not be defined at the
Pole as zonal and meridian components. In the SMC grid, however, only the meridian velocity
component at the edge of the polar cell is required and there is no need to define the velocity at the
polar cell centre. This is one of the advantages of using a polar cell centred at the Pole. Nevertheless,
velocity components at the Pole can be defined in the fixed reference system but they could not be
converted into the local east system.

Because a given direction 8’ from the map-east is constant in the Arctic region, the spectral
component in the map-east system can be treated as a scalar for transport in the polar region. For the
velocity in a dynamical model, its components along the map-east (6’ = 0) and map-north (6’ = n/2)
can also be approximated as a scalar in the polar region. Their transport velocity components in the
standard grid are then given by (9) after substituting their corresponding component values (¢’ and v”)
for c,, respectively. The polar cell can hold velocity or wave spectrum in the map-east system as
scalars for transport but they do not need to be converted into the local east system.
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This map-east direction can be conveniently approximated with a rotated grid with its rotated
pole on the Equator. The standard polar region becomes part of the ‘tropic region’ in the rotated grid
so the longitudinal direction of the rotated grid can be substituted for the map-east direction. For
instance, if the rotated pole is at 180°E on the Equator, the angle a from this map-east to the local east
at longitude A and latitude ¢ within the Arctic region can be worked out with:

cos Asin @

\/1 —(cos Acos @)’

o = sgn(cos @sin A)arccos

(11)

If the map-east is used within the Arctic region and local east in the rest for definition of the
wave spectrum, there will be no fixed corresponding components between the two systems because a
varies with longitude and latitude. For this reason, wave spectra defined by local east could not be
mixed up with those defined from the map-east and the Arctic region using the map-east reference
direction has to be separated from the rest which uses local east reference directions. In the SMC grid
shown in Fig.1, the reference direction change is set between the 3" (at about 83°) and 4™ (at 86.4°)
size-changing parallels (see definition in Li 2011), where the local east direction changes less than 3°
over one cell length as there are 128 cells in one row. The Arctic part and the rest (will be referred to
as the global part) are linked together through 4 over-lapping rows. Wave spectra in the lower two of
the 4 over-lapping rows in the Arctic part are updated with wave spectra from the global part after they
are rotated anticlockwise by a. Wave spectra in the upper two rows of the 4 over-lapping rows in the
global part are updated with wave spectra from the Arctic part after a clockwise rotation by a.
Because of the unstructured nature of the SMC grid, the Arctic cells are appended behind the global
part in the single cell list for propagation. The two parts can be conveniently separated by using sub-
loops. The overlapping rows are treated in the same way as other cells so the propagation is calculated
together for both parts. Wind direction and other direction related source terms have to be modified
within the Arctic part to use the map-east reference direction.

If only the velocity components are dealt with within the Arctic (such as in a dynamic model),
there is no need to work out the angle itself. The cosine and sine of the rotation angle will be enough
for velocity conversion between the map-east and local east system. The rotation angle cosine and
sine are given by

cos Asin ) sin A
cosa = L , sin = , (12)

\/1— (cos Acos @) \/1 —(cos Acos @)

The conversion between the map-east velocity components u’ and o’ and the local east velocity
components « and v are given by

u’) (cosax —sina\u u cose sina \(u’ 13
V') \sina cosa \v) v) (-sina cosa v
That is, the local east velocity vector is rotated anticlockwise by the angle a as viewed in the map-east

system. The wind component relationship (12) may also be used in the Arctic part to convert the local
east wind to the map-east wind for wave model source terms.

4. Comparison with global and regional models

A global SMC grid model similar to the SMC6125 model here but without the refinement of 12
km resolution in the European region (SMC6-25) has been compared with a regular grid global model
at 25km resolution (G25), the same base resolution of the SMC6125 model. It has been shown that
the SMC6-25 model is comparable with the G25 model and the results are available in Li (2012). A
comparison of the SMC6125 model with the previous SMC6-25 model has confirmed that the
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SMC6125 model performs very similarly to the SMC6-25 model and has better performance in the
European region than the SMC6-25 model because of the increased resolution. An Arctic view of the
SWH field from the SMC6125 model is shown in Fig.3 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 Arctic part of the SMC6125 model (above the yellow circle in Fig.1 or Fig.3) has not
been activated for this study. Comparison of the SMC6125 model with 30 spectral buoys for four
months, September-December 2012, is shown in Fig.4, which shows both the SWH and 4 sub-range
wave height (SRWH) scatter plot (details see Li and Saulter 2012) and is comparable with that of the
SMC6-25 model as shown in Fig.5 of Li (2012).

Here the comparison will be concentrated on our operational models, including the global 30 km
multi-grid model (G30), the European 8 km model (Euro8) and the 4 km model around the UK waters
(UK4). The G30 model uses a multi-grid version of the WW3 model with the middle main domain
covering from 65.5°S to 72.0°N at a resolution of about 30 km and two polar stripes connecting the
main domain to the polar regions at reduced resolution of about 60 km. It is not a surprise that the
SMC6125 model is better than the G30 model because the SMC6125 model resolution is, overall,
better than the G30.
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Fig. 5. Met Office European 8 km operational wave model grid and swh on 20121228 at 18 hr.
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The Euro8 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. Fig.5 shows the Euro8 model grid and its typical
SWH output on 28 December 2012. The rotated N-Pole is at 177.5°E and 37.55N° so the rotated
Equator is about 52°N at zero meridian, or approximately crossing London, UK. Fig.6 shows the
corresponding model grid and SWH plots from the SMC6125 model around the area covered by the
Euro8 model. Because the SMC6125 grid uses standard lat-lon meshes, its size-2 longitudinal
resolution in the refined European region has shrunk close to that of the Euro8 model due to increased
latitudes. The small ‘+* symbols in the SMC6125 grid plot indicate the positions of ocean wave buoys
used for this model comparison.

The UK4 model is also on the same rotated grid as the Euro8 model but at the higher resolution
of 0.04° for both lat and lon dimensions. Its grid and SWH plots are shown in Fig.7 along side with
the corresponding ones 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.
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Fig.8. Comparison of performance of Global (30km), SMC6125 and UK4 (4km, nested within
Global) wave models 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%.

Fig.8 and Fig.9 show results of a verification comparison between the SMC6125 and test
configurations of the operational G30 and UK4 wave models. The verifying data in these cases were
taken from in-situ platforms contributing to the JCOMM inter-comparison of operational ocean wave
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forecasting systems (Bidlot et al., 2002). The two examples illustrate the performance of the SMC
model in environments where the proximity of land will affect the fetch to the measurement locations
in a number of directional sectors. In the Southwest Approaches case (Fig.8) the influence of waves
generated in open waters of the Atlantic is expected to be more significant than in the case of the
Central North Sea (Fig.9).
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Fig.9. Same as Fig.8 but for in-situ platforms in the Central North Sea.

The upper row of panels in Fig.8 compare the G30 and SMC6125 models when run using
Tolman and Chalikov (1996, TC96) source terms. Although both models show a trend for over-
prediction at significant wave heights over 4m (upper left and right panels), a substantive
improvement in bias, RMSE and correlation (shown by a shift toward the x-axis in the Taylor plot)
can be seen for the SMC6125 data. The central row of panels shows a comparison between SMC6125
and UK4 models using the TC96 physics. Although correlation is improved in the UK4 configuration
compared to the G30 data (upper-centre and centre-centre panels), the influence of the G30 boundary
conditions are such that the overall bias and RMSE performance of the SMC6125 configuration is still
better than the UK4. In the lower row of panels versions of the SMC6125 and UK4 models using
WAMA4 derivative physics following Bidlot (2012, EC12) are compared. The use of the revised
physics package significantly improves performance of both models, particularly in terms of bias for
wave heights beyond 4m (right hand panels) and relative standard deviation of the model versus
observed data (centre panels). The comparison between the two models is closer, but still puts the
SMC6125 ahead of the UK4, probably because the UK4 in this run was still nested into a TC96
version of the G30.

In the Central North Sea case (Fig.9) the panels are set out using the same runs as described
previously. Again a substantive improvement can be seen between SMC6125 and G30 models in
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terms of RMSE, correlation and (this time) prediction of significant wave heights above 4m. With the
influence of the global boundary condition weakened in this region, performance of the UK4 and
SMC6125 TC96 driven models (central panels) is similar. Application of the EC12 source terms leads
to improvement of the UK4 prediction of high sea states (lower right panel) and improvement in
correlation for the SMC6125 model (lower centre panel). The two models are shown to compare very
closely in this instance.

Comparison of in-situ platform observations with the Euro8 model yields similar result as the
SMC6125 model but the result is not shown here. 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.

5. Other example of SMC grids

i) Atlantic SMC6-25 grid

The Atlantic SMC6-25 grid shown in Fig.10 is a regional selection of the global SMC6-25 cells
over the Atlantic Ocean. Thanks to its unstructured nature of the SMC grid, a portion of the global
cells can be regrouped to form a regional model. To minimise boundary input, the selected Atlantic
domain follows coastlines all the way from the Antarctic to Arctic except for a few short cross-
sections, particularly the two over the Sothern Ocean, between the Cape Horn in S America (69W) and
Cape Agulhas (20E) at the tip of S Africa. The Atlantic domain is retuned to remove unimportant
branches at the outskirts, such as the Gulf of Mexico, the Hudson Bay, and the Mediterranean.

Only the two cross-sections in the Southern Ocean are fed with boundary conditions for the
Atlantic model. Boundary conditions at Strait of Gibraltar, Baltic Sea, Gulf of Mexico (La Habana -
Miami), Hudson Bay, and Baffin Bay are ignored as they are either quite small or sheltered by nearby
islands. In WW3, boundary conditions are applied by defined grid points which can be anywhere in
the grid. As SMC grid works with boundary points in the same way as in the regular grid, there is no
major issue in adding boundary data except for definition of the boundary cells. The boundary data
for the Atlantic model can be generated either by a regular grid or the SMC grid global model.

The Atlantic SMC6-25 grid is presently used in the Met Office ensemble forecast. Fig.11 shows
a SWH 'postage stamps' at T+54 for the North Atlantic from a 24 member wave ensemble presently
under evaluation at the Met Office. Ensemble perturbations are introduced by variations in the forcing
winds and (member consistent) starting conditions using the T+6 forecast condition from the previous
run. The members show considerable differences in development of very rough or higher seas between
Greenland and the UK, and in the development of waves under Tropical Storm Humberto.

ii) The Great Lakes SMCO0512 grid

Fig.13 is a regional model to cover the Great Lakes at variable resolution from 0.5km
to 2 km. As the Great Lakes are isolated from the oceans, this model domain does not need
any boundary conditions. Also note the southern edge of the corresponding regular grid at
2km resolution is above the Equator so the SMC grid reference origin for the y-indices is no
longer on the Equator but at the southern edge of the regular grid. The bathymetry data are
from NCEP/NOAA and the water depth has been adjusted to be relative to the low water level
in each lake. A test run forced with the Met Office 25km global wind for one month in Sept
2012 (with 10 days spinning up) has show that the model matches well with surface wave
observations from the spectral buoys marked in Fig.13. A SWH field with the maximum
SWH during this one month run is shown in Fig.14. The wind sea is slightly underestimated
due to the coarse wind forcing and there is hardly any swell in the Great Lakes due to the
limited fetch. These spectral features are illustrated with the 4-bin SRWH scatter plot shown
in Fig.12. The long swell bin (T>16 s) is almost empty and most wave energy is concentrated
in the short wave bins (T< 5s and 5-10 s).
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Fig. 10. The Atlantic SMC6-25 grid for ocean surface wave model.

6. Conclusions

Results indicate that the SMC6125 is better than the G30 global model and comparable with the
two regional models at higher resolutions. The SMC6125 model cpu time is slightly longer than the
G25 one, due to increase of cell numbers at refined resolutions and the requirement to use an irregular
grid UNO?2 advection scheme. Improvement may be possible 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, as in these experiments the whole domain was driven by 25km wind forcing. Nevertheless, the
unified wave model is capable of replacing the present global and nested regional operational suite,
greatly simplifying the operational wave forecasting job without sacrifice of accuracy. Applications of
the SMC grid for regional models will also benefit from the unstructured feature and variable
resolutions.

18



Proc. the 13th International Workshop on Wave Hindcasting and 4th Coastal Hazards Symposium. Banff, Canada, October 2013

3 L
19 Sep 2013 06:00 (T+54)
21(T-6) 22(T-6) [Valid @ 17/09/2013 00z]

Fig.11. Ensemble forecast of SWH from the Atlantic SMC6-25 model.

T>16 s SMCO0512 via buoy A6Bs dates 1209_GtLk 16-10 s SMC0512 via buoy A6Bs dates 1209_GtlLk
T T T T T T
[ Total 4281 pts ] I Total 4281 pts ]
[ Correlation -0.003 ] I Correlation 0.909 ]
[ Y-Xms0.007 m ] L Y-Xrms0.028 m ]
3k 1 oF ]
e f 1 =t ]
s 20 1 = 2r =
B8 [ 1 B8 [ ]
= [ 1 = [ .
s 1 1F ]
N Mean / Stdev ] L / Mean / Stdev i
F Buoy H 0.000/0.007 ] N + T Buoy H 0.010/0.066 ]
b Madel 0.000/0.000 b L. Madel 0.008 / 0.056 b
(0] 7 S R R R SRR R R oS L e e ]
0 1 2 3 4 0 1 2 3 4
Buoy Hs m Buoy Hs m
10-5 s SMCO0512 via buoy A6Bs dates 1209_GtLk T<5 s SMC0512 via buoy A6Bs dates 1209_GtLk
T T T 4 T T T
[ Total 4281 pts ] L Total 4281 pts ]
[ Correlation 0.943 ] [ Correlation 0.843 ]
[ Y-Xms0.193 m ] [ Y-Xrms0.195m ]
of 1 s E
e | : { et :
3 20 1 B 2[ =
2 1 8 [ 1
= [ 1 = [ ]
. - 1= -
[ i u i i
r . Mean / Stdev ] r + - Mean / Stdev ]
. B_uuy H 0.347/0.558 ] N Buoy H 0.612/0.327 ]
- Model 0.287/0.475 B L Model 0.412/0.360 b
0 ¥ T i _ 1 1 ] 0l 1 1 J
0 1 2 3 4 0 1 2 3 4
Buoy Hs m Buoy Hs m

Fig.12. Four-bin SRWH comparison with spectral buoys for the Great Lakes over September 2012.
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