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Abstract

An algorithm has been developed to construct obstruction grids for spectral wave models to properly account for wave attenuation by
unresolved islands. The algorithm uses the GSHHS coastline dataset, and accounts for islands overlapping grid cells as well as the ori-
entation of islands in neighboring cells. The algorithm has been validated by conducting numerical experiments with the wave model
WAVEWATCH III. The numerical experiments consisted of a swell propagating through French Polynesia with grids of various spatial
resolutions (20, 40, 80, 150 and 300). The systematic patterns of energy attenuation behind the islands in the highest resolution grid, with a
limited number of unresolved islands represented by obstructions, were well reproduced by the lower resolution grids where most islands
are represented by obstruction grids. The algorithm is part of a larger software package that has been developed to build grids for spec-
tral wave models, in particular WAVEWATCH III.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Blocking of ocean waves by islands and barrier reefs
that are too small to be resolved by a numerical grid can
be a significant source of error in wave prediction models.
To explicitly account for the wave height attenuation due
to these features requires grids with excessively high resolu-
tion which become economically unfeasible for practical
calculations. Alternatively, such features can be modeled
as sub-grid obstructions where the energy flux is attenuated
using obstruction grids (Hardy and Young, 1996; Hardy
et al., 2001; Holthuijsen et al., 2001; Tolman, 2003). The
concept works well and Tolman (2003) showed that using
obstruction grids significantly reduces the bias between
ERS-2 altimeter data and numerical model results. How-
ever, the obstruction grids used in the study had to be
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developed manually. In this paper we present an algorithm
for automatically developing obstruction grids that can
then be used with sub-grid modeling algorithms. As will
be demonstrated in Section 2, this requires coastline infor-
mation rather than bathymetric data. Furthermore, in
recently developed ‘‘multi-grid” wave models (Tolman,
2006) consistent obstructions for several grids at different
resolutions are needed. An automated approach to gener-
ating obstructions is expected to be conducive to provide
consistency between grids.

The obstruction grid algorithm has been developed to be
used with the method of accounting for obstructions as
outlined in Tolman (2003) and implemented in the spectral
ocean wave model WAVEWATCH III (Tolman, 2002b,
2006). It builds the corresponding obstructions for a given
grid using a global shoreline database. Since the concept of
using sub-grid algorithms has already been tested with
altimeter data in a full wave model application (Tolman,
2003), the tests in this paper are limited to study how well
the obstruction effects are reproduced using the obstruction
grids developed here. This is done by conducting a swell
propagation experiment with WAVEWATCH III (hence-
forth referred to as WW3) through a region consisting of
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a large number of islands (atolls) using grids with different
resolutions. The wave height patterns in the high resolution
grids (where most islands are well resolved) and the low
resolution grids (where the islands are represented by
obstructions) are compared to assess how well the obstruc-
tions reproduce the wave height attenuation due to the
islands. Although the algorithm has been developed for
WW3 it can be used with any model that uses similar
obstruction grids to account for sub-grid attenuation.

The approach used here considers obstructions along
the x and y directions. This differs from the approach used
by Hardy et al. (2001) where the obstructions are deter-
mined as a function of wave direction. Both methods per-
form well as is shown in their respective publications. A
detailed comparison of the two methodologies is beyond
the scope of this study. Note furthermore that obstructions
are only a proxy for modeling islands that are not well
resolved. Because the obstruction grid does not identify
where in a grid cell the obstruction occurs, accurate model
results can not be expected in an area of a few grid incre-
ments around such islands. Instead, obstructions are
intended to describe effects of island blocking on larger
scales. Accurate solutions close to islands with significant
wave blocking are only to be expected if such islands are
properly resolved in a model.
2. GSHHS database

The obstruction grid algorithm uses the GSHHS (global
self-consistent hierarchical high resolution shoreline) data-
base developed by Wessel and Smith (1996) to generate the
data. This database includes five different types of bound-
aries – coastal boundaries, lakes, islands in lakes and ponds
in islands in lakes. The boundary data are stored as poly-
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Fig. 1. Cumulative distribution of coastal boundaries with are
gons. Each polygon consists of a number of discrete points
and represents a closed boundary.

There are several reasons for using this database. First,
it is a comprehensive and accurate record of global shore-
lines. In full resolution there are 188,606 polygons in the
database of which 180,509 are coastal boundaries. Out of
these, 180,466 boundaries enclose an area less than
12,400 km2, corresponding to a grid square of 1� � 1� at
the equator. Fig. 1 shows the cumulative distribution of
these boundaries as a function of the area they enclose
(in km2). Most of these boundaries (over 99% of them)
have an area less than 6 km2. In comparison, a grid cell
in a high resolution 20 grid (e.g. NGDC, 2006) covers
approximately 14 km2. Thus, a large majority of the
boundaries in GSHHS cannot be resolved even in high res-
olution global bathymetry data sets. Second, identifying
the shorelines as closed polygons accurately represents fea-
tures such as atolls which by themselves cover very little
area but act as effective barriers to wave propagation (see
Fig. 1 in Tolman, 2003). Using polygons also makes it triv-
ial to determine the proportion of any grid cell being
blocked. Finally, using polygons to develop obstruction
grids makes it convenient to generate additional polygons
for boundaries that are not represented in the global data
sets (e.g. local dikes, breakwaters, etc.). Note that the
GSHHS database used here can easily be extended to
include other small scale structures (cf. Holthuijsen et al.,
2001), reefs that effectively block swell propagation (cf.
Hardy et al., 2001) or areas to be taken from a model
domain that are considered irrelevant for a study.

3. Sub-grid obstruction algorithm

The obstruction algorithm introduced by Tolman (2003)
requires obstruction grids for both grid axes of the spatial
5 6 7 8 9 10

l area (in km2)

a less than 12,400 km2 (number of boundaries = 180,446).
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Fig. 2. Obstructions in a single cell: (a) single obstruction; (b) multiple
obstructions.
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grid. The main elements of the method are reproduced here
and the reader is referred to the original paper (Tolman,
2003) for a detailed discussion. The methodology accounts
for the effects of unresolved islands by suppressing the
energy flux across discrete grid cell boundaries. The modi-
fied numerical equation for spatial propagation (here lim-
ited to 1D for simplicity) is given by

F nþ1
i ¼ F n

i þ
Dt
Dx
½ai;�Gi;� � ai;þGi;þ� ð1Þ

where n and i correspond to time and space counters, Dt
and Dx are the corresponding time and space step, respec-
tively, F i is the spectral action density, Gi;� is the energy
flux across the common cell boundary between grid points
i and i� 1, Gi;þ is the energy flux across the common cell
boundary between grid points i and iþ 1, and ai;� and
ai;þ are the transparencies at the corresponding cell bound-
aries. The value of the transparency ranges from 0 (full
obstruction) to 1 (no obstruction). The transparencies in
WAVEWATCH III can either be defined at the cell bound-
aries, leading to a staggered grid, or at the cell centers.
When the transparency is defined at the cell center (given
by ai) they are converted to transparencies at cell bound-
aries inside the model. Detailed information relating the
cell center transparencies to the cell boundary transparen-
cies can be found in Tolman (2003). The algorithm devel-
oped in this paper to generate the data assumes that the
transparencies are defined at the cell centers though it
can be adapted for cell boundaries as well.

In WAVEWATCH III the transparency data are pro-
vided as obstruction grids for the x and y directions. The
obstruction S represents the fraction of energy being
blocked in the cell and is related to the transparency a by

S ¼ 1� a ð2Þ

Fig. 2a shows an obstruction in a single cell. The
obstructions for this cell in the x and y direction (hereafter
referred to as Sx and Sy, respectively) are given by
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Fig. 3. Obstructions in multiple cell: (a) obstructions
Sx ¼ Dyb

Dy
; Sy ¼ Dxb

Dx
ð3Þ

where, Dxb, Dyb, Dx and Dy represent the length of the
obstructions and the cell dimensions in x and y direction,
respectively. Obstruction grid values for dry (land) cells
are kept at 0 and non-zero values are only generated for
wet cells with unresolved boundaries in them. To prevent
spurious attenuation of swell traveling into the coast,
obstruction values of cells next to dry cells are also set to
0. For multiple boundaries, only that part of a boundary
is considered which plays a role in the obstruction of wave
energy. Fig. 2b shows how the boundary segments are com-
puted. Although obstructions account for the fraction of
energy being blocked in a cell, they do not account for
where in the cell the blocking occurs. This has some impli-
cations in the development of the obstruction grids.

When boundaries overlap cells there are potential prob-
lems in determining obstruction data as was identified in
Fig. 1 of Tolman (2003) and as is shown in Fig. 3a. In
the figure two boundaries cover multiple cells. Boundary
1 overlaps cells B, C and F, while boundary 2 overlaps cells
E and H. Boundary 1 blocks wave energy propagation in
the x direction from cell A to cell C completely. However,
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overlapping cells; (b) impact of neighboring cells.
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Fig. 4. Flow chart of the obstruction algorithm: (a) Part I; (b) Part II.

3 Moving obstructions to a single cell also avoids ‘‘double counting” as
identified in Fig. 1 of Tolman (2003).
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if Sx values for cell B and cell C are to be determined based
only on the proportion of the boundary found inside each
cell, then only partial blocking in each cell will take place.
Alternatively, since the same boundary segment occurs in
both the cells, we could move the segment from one cell
to the other and use the combined segment to compute
the obstruction grids. Naturally, the smaller segment is
moved to the cell with the larger segment. This will lead
to complete blocking in one grid and no blocking in the
other. Since our aim is to model the correct amount of
sub-grid energy at the resolution of the coarse grid, moving
the segment from one cell to the other is acceptable. The
argument does not extend to Sx computations in cell F

as the obstruction there occurs at a different row, and is
not affected by the obstructions in cells B and C (at least
at the local level). The same argument also holds for Sy
computations in cells E and H with respect to boundary
2. Note that moving of segments is done for each direction
individually; for Sy the two segments in B and C are left in
their original cells, but the segment from F will now be
moved to C.3

A final factor to consider in building the obstruction
grids are the orientations of the boundaries in neighboring
cells. Since obstruction grids only compute the attenuation
of energy due to sub-grid blocking, and not where in the



Fig. 5. Obstructions for a 1� resolution grid of the Tuamotu archipelago in French Polynesia. Black lines represent the GSHHS polygons and magenta
lines represent individual cell boundaries. Obstructions are generated taking into account neighboring cell information on both sides: (a) Sx; (b) Sy.
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Fig. 6. French Polynesian islands. The grid domain includes the archipelagos of Marquesas (5–10�S and 143–137�W), Tuamotu (15–20�S and 149–140�W)
and the Society islands (15–18�S and 153–149�W). Inset figure shows a closer look of the Tuamotu atolls.

Table 1
The different obstruction scenarios used in the numerical experiment

Test Obstruction grid

NO-OB No obstruction accounted for
OB-0 Obstruction accounted in individual cell only
OB-1 Obstruction includes up wind neighboring cell information
OB-2 Obstruction includes both up wind and down wind neighboring

cell information

16 A. Chawla, H.L. Tolman / Ocean Modelling 22 (2008) 12–25
cell this blocking occurs, the orientation of boundaries in
neighboring cells can have a significant impact on the
obstruction. This is illustrated in Fig. 3b. In cell B the
blocking occurs on the top and bottom part of the cell,
while in cell C the blocking occurs in the middle part of
the cell. As a result, swell propagation in the x direction
would be completely blocked. However, the obstructions
for the individual cells are approximately 0.5, and would
lead to spurious swell penetration. Alternatively, the island
in cell E lies in the shadow zone of the island in cell D and
should not play a role in the overall obstruction process.
However, if only obstructions of individual cells are consid-
ered, this scenario would lead to spurious swell suppres-
sion. We can take these effects into account by including
the boundary segments of the neighboring cells when build-
ing the obstruction grids.
If obstruction grids are taking obstructions in neighbor-
ing cells into account, the question arises how many neigh-
boring cells should be taken into account. Because we are
trying to simulate local processes, at the scale of a grid cell,
it appears appropriate to consider only direct neighboring
cells within this approach. Using the schematic in Fig. 3b
we look at the impact of neighboring cells on Sx values.
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First, consider using both neighbors. In this case contribu-
tions to Sx for cell A come from cell B, for cell B from cells
B and C, and for cell C also from cell B. While this would
account for the impact of neighboring cells, we can also
identify over-obstruction in several cases. First, cells A

and F contain no obstructions and thus should have
Sx ¼ 0. However, because information from neighboring
cells is used, non-zero values will be registered in these cells.
This is easily remedied by ensuring that obstruction values
are only assigned if the cell in question contributes to the
obstruction of wave energy. Then the Sx values in cells A

and F (because of no boundaries) as well as cell E (because
the boundary lies in a shadow zone of neighboring cells)
would be set to 0. This however does not completely
remove the over obstruction. For energy propagating from
left to right, the effects of cells B and C would be felt both
in cell B as well as cell C.

Alternatively, we can intentionally introduce directional
preference in our Sx computations by taking only neigh-
bors from one side into account. This results in two sets
of Sx grids, one which is built taking account of neighbors
on the left and the other taking into account neighbors on
the right. In the case of the example looking to the left
Fig. 7. Land masks for the French Polynesian Islands test cas
only, the contribution to cell B will come from B itself
and for cell C from B and C. For waves propagating from
left to right this creates an obstruction data set with no
over obstruction. If on the other hand we take neighbors
on the right hand side to compute the Sx grid then, contri-
bution to cell C would now come from C itself and for cell
B from cells B and C. Again for waves propagating from
right to left this set of obstruction values would not lead
to over obstruction. Thus, the advantage of having direc-
tionally preferred obstruction values is that over obstruc-
tion can be avoided. However, the disadvantage is that
there are two sets of Sx grids and the choice of grid
depends upon the direction of wave propagation. Similar
arguments would hold for Sy grids with the neighboring
cells being above and below. Finally, let us consider the
example of an atoll as shown in cell I of Fig. 3b. Some of
the boundary segments overlap into cells H and F. For
Sx calculations, the overlap of the boundary segments in
cell H need to be taken into account and for Sy calcula-
tions, the overlap of the boundary segments in cell F need
to be taken into account. However, by including the effects
of the neighboring cells, full obstructions (in both direc-
tions) would be appropriately registered at this cell.
e: (a) GSHHS polygons; (b) 20 grid; (c) 40 grid; (d) 80 grid.
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A flow chart of the obstruction algorithm that takes into
account all the above points is shown in Fig. 4 (split over
two figures for clarity). Three separate options have been
considered for taking into account neighboring cell infor-
mation: Option 1, no neighboring cell information is used;
Option 2, neighboring cell information from one specified
direction is used; Option 3, neighboring cell information
from both sides is used. Fig. 5 shows an example of
obstructions generated for the Tuamotu archipelago using
a 1� resolution grid. The grid resolution is too coarse to
resolve the small islands of this archipelago and all energy
attenuation has to be accounted for by obstructions.
Although individually these islands are very small, together
they are very effective in blocking ocean swells as is
reflected in the obstruction grids. The accuracy of these
obstruction grids is tested in the next section.

4. Numerical tests

To determine how well the obstruction grids attenuate
wave energy, a series of swell propagation studies were con-
ducted in three different regions – the Caribbean, Hawaii
Fig. 8. Normalized significant wave heights for 20 grid. Panel (a) represents the
(a) Test OB-2; (b) OB-2–NO-OB; (c) OB-2–OB-0; (d) OB-2–OB-1.
and French Polynesia. Here we will concentrate only on
the French Polynesian islands (Fig. 6) with their numerous
atolls and small islands. For a detailed report on the other
two test cases see Chawla and Tolman (2007).

Grids with five different spatial resolutions of 20, 40, 80,
150 and 300 were constructed. The corresponding global
time steps for the grids were 300, 600, 1200, 1800 and
1800 s, respectively. Refraction effects and source terms
were switched off in the model runs to eliminate cumulative
differences associated with representation of the bathyme-
try at the different grid resolutions. The aim of this exercise
was to see if the energy attenuation in the highest resolu-
tion grid is accurately reproduced in the lower resolution
grids using obstructions. Effects of obstructed wave energy
propagation become evident in spatial distribution of sig-
nificant wave heights ðH sÞ. When comparing results at
two different resolutions, the results were averaged over
all the cells in the higher resolution grid that lie inside
the cells of the lower resolution grid, so that differences
could be assessed directly.

The experiment consists of a constant swell propagating
from the North-East at an angle of 45�. The swell is mono-
normalized wave height while panels b–d are normalized difference plots:



Fig. 9. Normalized significant wave heights for tests without obstructions (NO-OB): (a) 40 grid; (b) 80 grid; (c) 150 grid; (d) 300 grid.

4 It should be kept in mind that the current version of WAVEWATCH
III only allows for one set of obstruction grids in the x and y direction, and
if OB-1 has to be applied as a general technique then the model will have
to be modified to read in two obstruction grids for each direction, and the
appropriate obstruction used depending on the location of the inflow
boundary which is determined by the model for (1). This represents a
minor modification to the code.
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chromatic with a frequency of 0.1 Hz. The directional
spreading is given by

DðhÞ ¼ cos8 ðh� hpÞ
2

� �
; ð4Þ

where hp refers to the peak direction of the swell. The direc-
tional spread used here is narrower than usual for wind
waves, but broad for ocean swells. Along the Northern
and Eastern boundaries the significant wave height ðH sbÞ
was set at 4 m. In all the runs the simulations were carried
out for 7 days to reach steady state conditions across the
region.

When modeling swell propagation with a discrete spec-
tral wave model, spurious disintegration of the wave field
may occur. This is known as the ‘‘Garden Sprinkler Effect”
(GSE) (Booij and Holthuijsen, 1987; Tolman, 2002a). GSE
can play a significant role on the wave height patterns
behind the islands (see Chawla and Tolman, 2007), and
care was taken to apply similar levels of alleviation in all
the different resolution runs. An averaging technique from
Tolman (2002a) was used to alleviate GSE. Appendix A
describes how the parameters for this technique have been
determined.
The three different ways to build the obstruction grids
have been considered as well as not taking any obstructions
into account (see Table 1 for test particulars). Since the
swell is propagating from the North-East, the neighbors
to the right (up) in x (y) direction are considered when
building obstructions for Test OB-1.4

Fig. 7 shows how well the islands and atolls are resolved
in the different grids in comparison to the GSHHS data-
base. Even in the highest resolution grid not all the features
observed in the GSHHS database are resolved. As grid res-
olution decreases a significant number of the islands can no
longer be resolved and the model has to rely on obstruction
grids to simulate swell attenuation. None of the islands can
be resolved in the 150 and 300 grids and these grids therefore
have not been shown in Fig. 7.



Fig. 10. Normalized significant wave heights for tests with obstructions including both neighboring cells (OB-2): (a) 40 grid; (b) 80 grid; (c) 150 grid; (d) 300

grid.

5 Adapting to other spectral wave models should be fairly
straightforward.

20 A. Chawla, H.L. Tolman / Ocean Modelling 22 (2008) 12–25
Before the different scenarios can be compared we need
to determine a ground truth solution for our experiment.
Fig. 8 shows the significant wave height field for the 20 grid
with obstruction on both sides (Test OB-2), and its com-
parison with the other three scenarios. All wave heights
in the plots have been normalized by the incident wave
height H sb. As can be seen from the comparisons of
Fig. 8b obstruction grids play a significant role in the wave
field even at this high resolution. The obstruction grids OB-

0 and OB-1 yield very similar results to OB-2 (Fig. 8c and
d) showing that at this resolution moving boundary seg-
ments that intersect cells works well and including addi-
tional information from neighboring cells has no major
impact and any of these solutions can be taken as the
ground truth. We have chosen the 20 grid Test OB-2 as
the ground truth (henceforth referred to as GT).

The impact of obstructions at the coarser resolutions
can be clearly seen in the wave height patterns behind the
islands without accounting for obstructions (Fig. 9, NO-

OB) and with accounting for obstruction (Fig. 10, OB-2).
We can clearly see that a significant portion of the islands
are invisible to the propagating swell at the 40 and lower
resolution grids (Fig. 9). However, including obstruction
grids (Fig. 10), qualitatively reproduces the GT swell pat-
terns even in the 300 grid.

To quantify the impact of obstruction grids, difference
plots with the GT solution for the different scenarios are
shown in Figs. 11–14. As expected, not accounting for
obstructions (Fig. 11) has an order of magnitude effect
on the swell conditions behind the islands with errors larger
than 50%. Only accounting for obstructions in the individ-
ual cells (Fig. 12) significantly improve the results but there
is still some spurious swell penetration behind the islands.
Because of the large numbers of small island chains and
atolls, accounting for obstruction in the neighboring cells
(either on one side or both sides – Figs. 13 and 14, respec-
tively) leads to better estimates of the blocking effect.
Accounting for obstructions in neighboring cells on both
sides (Fig. 14) overcompensates the energy attenuation in
some areas, however overall OB-1 � OB-2 qualitatively.

The obstruction grid algorithm is part of a software
package that has been developed for building grids
for WW3.5 The software package includes modules for



Fig. 11. Normalized difference plots (Ground Truth – Test Case) of wave heights for tests not accounting for obstruction (NO-OB): (a) GT-40; (b) GT-80;
(c) GT-150; (d) GT-300.
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generating bathymetric grids, refining land–sea masks to
accurately account for shorelines, cleaning up the grid to
remove isolated wet cells, modifying the land–sea mask
for active wet cells6 and developing obstruction grids.
The GSHHS coastline database is used for both developing
an accurate land–sea mask, and constructing obstruction
grids. See Chawla and Tolman (2007) for detailed informa-
tion on the package.
5. Conclusions

An obstruction grid algorithm has been developed using
a global shoreline database (GSHHS) to develop a set of
obstruction grids. These data are then used by the WAVE-
WATCH III model to appropriately scale the energy flux in
the spatial propagation numerical scheme and hence simu-
late the swell blocking effects of unresolved islands. For
any given grid cell there are two obstruction values (for
the two grid axes) ranging from 0 (no obstruction) to 1
(complete obstruction). The obstruction in any particular
6 This is specific to multi-grid version of WW3 Tolman (2006).
direction is determined by the proportion of the cell
blocked by islands in that direction. When building the
obstructions, the algorithm has the option to not only con-
sider the orientation of islands in the corresponding cell but
also the islands in neighboring cells. This significantly
improves swell blocking of islands in our test cases. Note
that though the GSHHS database has been used here,
the algorithm can be used with any polygon based coastline
database.

The accuracy of the data generated by the obstruction
grid algorithm has been numerically tested in the archipel-
agos of French Polynesia, Hawaii and the Caribbean
region (see Chawla and Tolman, 2007 for the latter two
test cases). In all the test cases the waves were propagated
diagonally across the grid to show that wave blocking is
well simulated even when waves are not aligned with the
axes on which the obstructions have been defined. For
the archipelagos of French Polynesia tests were also con-
ducted for waves propagating from the East and South-
East (figures not shown). In all the different cases, using
the obstruction grids the model was able to reproduce
swell patterns to within �10% of the Ground Truth
solution. It should be emphasized that the sub-grid



Fig. 12. Normalized difference plots (Ground Truth – Test Case) of wave heights for tests accounting for obstruction without including neighboring cell
information (OB-0): (a) GT-40; (b) GT-80; (c) GT-150; (d) GT-300.
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obstruction algorithm has been developed to account for
the far field effects (at least 2–3 grid cells away) of islands
that cannot be resolved in the grid. For accurate swell
conditions close to islands the most appropriate approach
is to use high resolution grids that actually resolve the
islands.
Appendix A. Alleviating Garden Sprinkler Effects

Due to the discretized representation of the ocean spec-
trum in spectral wave models, spatial spreading of the spec-
trum occurs along discrete bands leading to what is known
as the ‘‘Garden Sprinkler Effect” (GSE). Since our test
cases consist of a monochromatic wave component in fre-
quency, GSE effects arise from the discretization of the
directional spectrum only. To avoid GSE effects the resolu-
tion should be such that the spreading (after the swell has
crossed through the domain) should not be larger than the
mesh size Booij and Holthuijsen (1987). This leads to a
limit on the directional resolution

Dh < 1=N ;
where N is the distance across the grid in the number of
meshes. For a given spectral resolution the greatest GSE ef-
fects will be observed in the grid with the finest resolution.
For the test cases here, the 20 grid is the finest grid with
N ¼ 751. This leads to a desired directional resolution of
Dh � 0:075�, which is not practical.

There are two alternative methods available in WW3 for
alleviating GSE. The first is a method proposed by Booij
and Holthuijsen (1987) and hereby referred to as BH87.
They considered the wave action equation for spectral
bands (as opposed to spectral components) and developed
an alternative spatial propagation scheme with diffusion
terms in the propagation equation to account for continu-
ous dispersion of the spectrum. The diffusion coefficients in
BH87 depend on the spectral resolution and the swell age,
and are given by

Dss ¼ Dc2
gT s=12; Dnn ¼ c2

gDh2T s=12 ðA:1Þ

where, Dss;Dnn are the diffusion coefficients along the direc-
tion of propagation and normal to the direction of propa-
gation respectively, Dcg;Dh depend on the spectral
resolution and T s is a physical swell age. Though BH87 is



Fig. 13. Normalized difference plots (Ground Truth – Test Case) of wave heights for tests accounting for obstruction including information from
neighboring cells to the right (for x) and up (for y) (OB-1): (a) GT-40; (b) GT-80; (c) GT-150; (d) GT-300.
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adept at alleviating GSE, numerical stability requirements
of this scheme puts a limit on the size of Dt for higher res-
olution grids (Tolman, 2002a.)

The second approach suggested by Tolman (2002a)
(hereby referred to as T02) involves applying a local aver-
age (Fig. A.1). T02 uses a ‘9 point’ stencil denoted by the
solid circles in Fig. A.1 and linear interpolation to deter-
mine the wave heights at the shaded circles in Fig. A.1.
The wave heights are then interpolated to the edges of
the averaging box, which are then averaged with the wave
height at the proper grid point. The dimensions of the aver-
aging domain along the direction of propagation ð~sÞ and
normal to the direction of propagation ð~nÞ are given by

�ca;sDcgDt~s; �ca;ncgDhDt~n ðA:2Þ

where, Dcg; Dh correspond to the spectral resolution as in
(A.1), Dt is the computational time step and ca;s; ca;n are
tuning parameters. Tolman (2002a) has shown that with
the appropriate tuning parameters T02 gives virtually iden-
tical results as BH87 but without the additional computa-
tional cost of reduced time steps. Its computational
efficiency makes T02 our preferred method of GSE allevia-
tion. The disadvantage of this approach is that the averag-
ing domain is time step dependent, which implies that if the
tuning factors are left unchanged then the effectiveness of
GSE alleviation decrease with increasing grid resolution.
Ideally, we would like to have the alleviation to be deter-
mined by the spectral resolution and the swell age just like
in BH87 and not be grid dependent. To do that we com-
pare the two approaches and thus develop guidelines for
the tuning parameters which would lead to the same level
of GSE alleviation in all the grids, irrespective of their
resolution.

For simplicity let us assume that the propagation direc-
tion is along one of the axes, namely the x axis. The inter-
polation and averaging approach of T02 then yields

F H

i;j ¼ F i;j þ
b1

Dt
6Dx½F iþ1;jþ1 � 2F i;jþ1 þ F i�1;jþ1�

þ b1

Dt
6Dx½F iþ1;j�1 � 2F i;j�1 þ F i�1;j�1�

þ b2

Dt
6Dy½F i;jþ1 � 2F i;j þ F i;j�1� ðA:3Þ

where F i;j correspond to the spectral estimate at the ith and
jth node, F H

i;j is the new average value and



Table A.1
Tuning factors ðca;s; ca;nÞ used in WW3 for alleviating GSE

Grid resolution Tuning factor

20 16
40 8
80 4
150 2
300 1

Fig. 14. Normalized difference plots (Ground Truth – Test Case) of wave heights for tests accounting for obstruction including information from
neighboring cells in both directions (OB-2): (a) GT-40; (b) GT-80; (c) GT-150; (d) GT-300.

 θ 

Fig. A.1. Averaging area for GSE alleviation in T02 (taken from Tolman,
2003).
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b1 � ca;sDcg; b2 � ca;ncgDh

Using Taylor series expansion and ignoring terms of the

OðDt2;Dx3Þ we get
oF
ot
¼ b1Dx

3

o
2F

ox2
þ b2Dy

3

o
2F

oy2
ðA:4Þ

which is similar to the diffusion form of BH87. Comparing
the diffusion coefficients in (A.4) and (A.1) yields

ca;s ¼
DcgT s

4Dx
; ca;n ¼

DhcgT s

4Dy
ðA:5Þ

Eq. (A.5) provides a guide for setting the tuning factors
to alleviate GSE based on swell age, grid and spectral res-
olution. It also indirectly helps determine the appropriate
spectral resolution. Since T02 has been limited to a ‘9 point
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stencil’, the spectral resolution has to be fine enough that
the averaging domain defined by (A.2) does not exceed
the 9 point stencil. Which implies

ca;sDcgDt < Dx; ca;ncgDhDt < Dy ðA:6Þ

Eqs. (A.5) and (A.6) have been obtained by assuming that
the direction of propagation was along the x axis. In real-
ity, the direction of propagation can change and in a grid
with different dimensions along the two axes, the equations
would be given by

ca;s ¼
DcgT s

4 minðDx;DyÞ ; ca;n ¼
DhcgT s

4 minðDx;DyÞ ðA:7Þ

ca;sDcgDt < minðDx;DyÞ; ca;ncgDhDt < minðDx;DyÞ
ðA:8Þ

Eqs. (A.7) and (A.8) together determine the spectral resolu-
tion and tuning factors needed for T02 to effectively allevi-
ate GSE.

For this experiment, the swell age T s in Eqs. (A.7) and
(A.8) has been set as 4 days (since that is the time needed
for the swell to propagate through the grid). For the 20 grid
the spectral resolution was then limited by (A.8) and
yielded

Dh < 5:38�

Thus, the directional spectrum was discretized into 72 bins
ðDh ¼ 5�Þ. The corresponding tuning factors ðca;n; ca;sÞ re-
quired for the five different grids are given in Table A.1.
This ensured that the results were not affected by GSE.
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