




















































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter Eight: Morphodynamic Response to an Artificial Surfing Reef

considerable and oblique photography of an extreme case is presented in Figure
8.6 at the peak of a nearly 5 m (Hsig) storm event. Waves focus over the ebb delta
and also break on the sandbar feature, which protrudes approximately 4.3 km
from the shoreline. However, the wave focusing patterns around the reef site are
created solely by offshore transformations as the beaches lack significant
protruding delta feature in depths under 20 m. SCARFE et al. (Chapter 4) identified
“rippled scour depressions” or ‘“sorted bedforms” from MBES backscatter
imagery immediately offshore the ASR as evidence of wave focusing. These
features are also identified at a larger scale by Spiers and HEALY (2007b) using

side scan sonar.

Figure 8.6. Photographs of wave patterns during the peak of a storm from 10-12 July 2007
(ScARFE, 2008 wave event 41; Hgg = 4.60 M, Hyax = 8.50 M Trnean = 10.5, DIRpean = from 40.0°).
Extreme wave focusing over Tauranga harbour’s ebb tidal delta (top) and at the beaches around
the study site (bottom) can be seen and the wave height gradients will influence surf zone
hydrodynamics. Wave focusing around the reef site is highlighted with the line and the surf zone

in excess of 500 m in places, breaking well offshore of the reef.

Bathymetric controls at a beach, such as the one created by the ASR, can cause

three impacts:

1. lower wave heights;
2. change wave direction; and

3. interrupt normal surf zone circulation (SHORT and MASSELINK, 1999).
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The constructed ASR causes all of these impacts and they are related to the four
salient forming mechanisms mentioned earlier that were identified by BLACK and
MEAD (2007). TURNER et al. (2001) note that during physical modelling of the
Narrowneck surfing reef that the reef became increasingly transparent for longer
wave periods and increasing wave heights. The 79 m wide reef (67 m in offshore
distance) is a small feature in a wide surf zone like in Figure 8.6. Although the
photography cannot distinguish effects of the reef, refraction modelling (Figure
8.7) clearly shows the reef dissipating wave energy and rotating waves (5-10°).
The waves have broken offshore of the model area presented here and thus the
model results presented are estimating wave attenuation in the surf zone after
breaking. When conditions are averaged overtime (Figure 8.8) the impact on
heights is less than for the storm event (Figure 8.7), but wave angles are rotated
more in the lee for the average conditions. The impact of lowering wave heights
caused by a structure is identified by SHORT and MASSELINK (1999) as creating a
more reflective beach and the increase in bar and rip prominence discussed in this

paper is empirical evidence of this occurring.
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| 1 Meters

Figure 8.7. Bathymetry (top; MSL) and WBEND wave height (mid; Hgq meters) and wave angle

(bottom; grid north) predictions during July 2007 storm (SCARFE, 2008 wave event 41).
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Figure 8.8. Bathymetry (top; MSL) and WBEND wave height (mid; Hg, meters) and wave angle

(bottom; grid north) predictions for probability estimate of net wave conditions since reef

construction (November 2005 to January 2007) based on a weighted average model output.
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The results of modelling the average wave conditions show that the wave height
on the offshore bar just northwest of the reef has a slightly larger wave height than
to the southeast (Figure 8.8). The difference is 0.05-0.07 m and is caused by
offshore focusing in depths less than 27 m. Although small on average, this can be
significant during larger swells and is dependent on wave direction. The gradient
was approximately 0.5 m in 7 m depths offshore of the reef for the wave event in
Figure 8.7. Spatial changes in beach-state along or between beaches is driven by
changes in modal wave height (SHORT, 1999b) and because the average wave
condition modelling predicts longshore gradients in wave height and direction,
this partially explains the difference between beach morphology either side of the
reef. Differences in sediment supply and longshore infragravity waves could also

contribute to the observed changes.

The theory of salient formation in the lee of ASRs has been discussed in the
literature (BLACK and ANDREws, 2001a and b; TURNER et al., 2001; BLACK,
2003; RANASINGHE and TURNER, 2006; RANASINGHE et al., 2006). BLACK and
MEAD (2007) and RANASINGHE et al. (2006) show that the distance an ASR is
offshore is a critical consideration as to whether the reef causes the beach to
erode, form a salient or has no impact on shoreline stability. In an empirical study
of the shoreline around natural reefs and islands, BLACK and ANDREWS (2001a)
show that the ratio (B/S) between the offshore obstruction width (B) and the
distance between undisturbed shoreline and the offshore feature (S) is important
in determining shoreline response. This ratio was applied by BLACK and MEAD
(2007) to the Mount Maunganui reef when only one reef arm was constructed. A
value of 0.125 was calculated indicating that no salient would form. The reef now
has a larger footprint (70 % complete) and new calculations are presented here
(Table 8-3). The constructed value of B is 79 m and S was measured for a variety
of positions. Since the constructed reef has a cross-shore distance of 67 m, the
offshore position was made for the inshore and offshore tip of the reef when
estimating S. For the inshore measurement of S, low water, mean sea level and
high tide positions were all included. Although B/S was found to vary slightly
with measurement location, a salient is not predicted because a value of greater

than 0.5 is required for salient formation.
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Table 8-3. Calculation of the ratio (B/S) between the offshore obstruction width (B) and the

distance between undisturbed shoreline and the offshore feature (S) for a variety of measurement

positions.
. Inshore Offshore
Offshorg Distance Measurement Measurement B/S

(S;m) Location Location

220 Low water Inshore reef edge 0.36

257 MSL Inshore reef edge 0.31

205 High water Inshore reef edge 0.39

287 Low water Offshore reef edge 0.29

324 MSL Offshore reef edge 0.24

272 High water Offshore reef edge 0.31

BLAck and MEAD (2007) predict transient salients to occur depending on
prevailing wave conditions, they identified that a small salient occurs in the reef
lee during their 3" and 4" surveys of 50 m and 25 m respectively. Using imagery

from GoogleEarth™

they identified what they term “double-horned salients”. It is
not clear where the measurements of salient width were made and no convention
such as low tide, MSL or high tide level was discussed. The salient is expected to
be more prominent in the lower water area than the high tide making the

measurement location an important detail.

In contrast, during this research we visualized the surf zone bathymetry using
various techniques and it appears that the “double horned salients” are actually a
series of shoreward moving “slugs” of sediment from the offshore bar that
eventually weld to the beach. The bar is broken into a series of rhythmic bars and
rips, which were at their largest in January 2007 and were still merging into the
intertidal beach by May 2007. The rips are spaced at 100-300 m alongshore,
having a cross-shore distance of 100-150 m. They are present between the -0.5
and -3 m contour (MSL) and have formed within an area 600 m either side of the
reef (Figure 8.9) and tend towards small welded traverse bars. They are identified
in their longshore broken form in Figure 8.9, and are beginning to weld to the
beach in the shallows of the surf zone. It is unknown if the features are created by
the non-linear wave-wave interaction that form proto salients (TURNER et al.,
2001), or from standing infragravity waves as per AAGAARD and MASSELINK

(1999). Longshore currents will also have some effect on their formations.
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Figure 8.9. August 2006 bathymetry showing a new longshore bar (-4 m MSL) and trough forming
that covers the study site. The offshore bar that formed in April 2005 has migrated into the surf
zone and broken into rhythmic bars and rips (-1 to -2 m). Generally there is a trough in the lee of

this broken bar, but the features are beginning to weld to the shoreline.

Analysis of the low tide shoreline contour (Figure 8.10) before construction and
after 70 % of the reef was finished also does not reveal a persistent salient. It is
clear when comparing the average preconstruction to post construction shorelines
(Figure 8.10 bottom) that the shoreline is undulating around the mean
preconstruction shoreline, rather than a salient accreting above the mean position.
If there is a signal frequency in shoreline irregularities that are associated with the
bars and rips, it has become higher. At low tide (approximately -1 m MSL) the
shoreline variation of these welded bars (variation in low tide contour) is 30-50 m.
High confidence can be had in the contour position due to the survey method
employed. It was also clear while collecting data with the RTK GPS that the
shoreline became more undulating once the reef was in place, and photographic
evidence can be seen in Figure 8.11. Such eroded features are often linked with a
shore parallel ridge and runnel in the intertidal area that drains and floods during
different stages of the tide. Therefore they are morphological controls for rip
formation, which evolve overtime through morphological coupling.
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Figure 8.10. Lowest astronomical tide contours before reef construction (top) and after reef was

70 % complete (bottom) showing more prominent undulations in post construction shoreline,
which are linked to rhythmic bar and rip features. The jagged line at the bottom of each figure is
the dune line. The half diamond is the inshore part of the reef construction site and the left and
right boundaries are the edges of the study site. The dashed line in the bottom image is the average

pre-construction shoreline position.

Figure 8.11. Example of a rip eroded in the shoreline immediately southeast of reef. The eroded

features as well as accreted bars have appeared rhythmically around the reef site since

construction. Development of such features is important to understand for beach safety reasons.

In the surf zone breaking gravity waves decrease in energy and unbroken
infragravity energy increases (SHORT, 1999c), and this process may be influencing
the observed morphology. Standing infragravity waves provide a simple and
quantitative theoretical explanation of many morphological features, including rip
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currents, crescentic bars, multiple longshore bars and welded sand bars
(AAGAARD and MASSELINK, 1999). Thus a change in the character, frequency and
location of bars and troughs infers a change in infragravity wave energy patterns
in the surf zone, such as the feature observed since the reef was installed.
Nearshore bars are the main expression of hydrodynamic and sediment transport
gradients and form as a results of sediment convergence and in areas of sediment
divergence troughs form (AAGAARD and MASSELINK, 1999). Therefore the reef

has changed the sediment convergence and divergence patterns.

BLAck and MEAD’s (2007) modelling when only one arm of the reef was installed
predicts what they call “reef bar” formations, attributed to perturbation of waves
and currents. They stress that there are two main bars but the measurement clearly
shows 6-8 bar features along about 1.2 km of beach. Tracking of the migration of
the features showed that the reef bars are actually the shoreward moving
longshore bar broken in the surf zone into rhythmic bars and rips. It is possible
that when the features are most distinctive in form they will tend towards the
transverse bar and rip beach-state. It has taken at least 25 months from the time of
the longshore bar formation (April 2005) to when the rhythmic structures began to
smooth in the -0.5 m to -1.5 m contours (May 2007). The migration of a broken
longshore bar and conversion to rhythmic bars and troughs can be seen in Figure
8.12. Thus BLACK and MEAD’s (2007) model maybe representing the mechanism
for the observed bar formations, but perhaps is exaggerating the actual size and
under predicting the frequency of the sedimentary features. Thismay have been
caused by the small spatial coverage provide by the sediment transport model
grid. A discussion of the relationship between the longshore bars and any “reef

bars” is considered an important research area for salient formation.
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Figure 8.12. Beach contours and location of sedimentary features. The broken longshore features
identified in Figure 8.9 began as a longshore bar and trough formation (April 2005) and migrated
shoreward leaving an eroded terrace and a less prominent trough (November 2005). A new
longshore bar formed on the terrace and the shoreward migrating bar broke into rhythmic bars and
rips (August 2006), possibly due to more infragravity energy in the shallow surfzone. Once the
rhythmic bars welded the beach (January 2007) they began to dissipate in structure (May 2007).

Aerial photography of beach dunes from 2002 (source Terralink International Limited).

Eroded troughs (Figure 8.13) are important to the circulation of currents, and
hence morphology, and are an expression of surf zone hydrodynamics. Three

important eroded features were observed:

1. rhythmic troughs in -0.5 m to -3.0 m depths (MSL);
2. alongshore trough in -3.0 m to -4.0 m depths (MSL); and
3. ascour hole in the reef lee, eroded to -4.0 m to -5.0 m depths (MSL).

The rhythmic troughs are expected to drive nearshore rip circulation, and link
with intertidal runnels as discussed earlier. Wave rotation inshore on welded reef
bars (Figure 8.7 and Figure 8.8) will be a process that will cause the bars to
continue to evolve and will be important to swash processes including wave run-
up behaviour. The convergence and divergence of waves may further encourage
sea level gradients which in turn can drive circulation. The longshore trough
present throughout the study period will be a topographic control on longshore
currents, engraved in the surf zone by preceding longshore currents.
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The scour hole is likely to be formed by strong wave induced currents over the
reef, and such currents were predicted to occur by BLACK (2003), VAN ETTINGER
(2005) and RANASINGHE et al. (2006). However, measurement of scour hole
development in the lee of an ASR has not been found in previous literature. The
reef acts as a control point for this formation and this theory is support by the
erosion/accretion plots presented in RANASINGHE et al. (2006), which show
erosion immediately shoreward of an ASR for both erosive and accretive reef
positions. BLACK and MEAD (2007) also predict the scour hole formation. Water

level setup in-between the reef structure and the shoreline (BLACK, 2003;

RANASINGHE et al., 2006) will further influence the scour hole morphology.

| |Meters

Figure 8.13. Eroded troughs around the ASR with probable current patterns derived from

morphology. Wave driven currents over the reef join with the longshore currents that focus in the
longshore trough. The rhythmic features (-0.5 to -2 m MSL) will further drive cellular rip
circulation and swash zone patterns. Aerial photography of beach dunes from 2002 (source

Terralink International Limited).

Longshore currents compressed between the reef and shore (see BLACK, 2003;
BLACK and MEAD, 2007), and focused in the trough inshore of the longshore bar
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during swell events, will modify the scour hole formation somewhat, and this is
evident in the morphology. The currents over the reef diverge when meeting the
longshore trough, and this is expressed through channels eroded between the
scour hole and the longshore trough. The net longshore currents to the southeast
have superimposed an asymmetry in the feature and the channel joining the scour
hole and trough is more prominent to the southeast. This is a geomorphic indicator
of littoral drift as discussed by HEALY (2007) and could be similar to the oblique
erosive case modelled by RANASINGHE et al. (2006), where currents diverge in the
lee of a reef, although in this case the longshore currents impacts behaviour, and

shoreline shoreline erosion is not observed.

Although the concept of wave rotation for coastal protection presented by MEAD
and BLAcCK (2001) makes theoretical sense, the wave refraction over the scour
hole is much more significant than over the reef for the average conditions (Figure
8.8). The shape of the scour hole causes wave divergence in the lee of the reef,
modifying longshore currents. This is not surprising given that the scour hole’s
surface area (7 500 m2) is 3.1 times larger than the reef (2 400 m2). The scour hole
is 1.75 m deeper than the ambient seabed, whereas the maximum relief created by
the reef structure peaks at 2.5 m (crest height = -1.25 MSL), but is generally only
1.5m (-2.5m MSL). Thus understanding the potential scour hole that will be
eroded in the reef lee is critical as this scour hole feature potentially can have as
much, or more, of an effect on surf zone hydrodynamic than the reef structure, as

well as driving morphodynamic coupling.

One concept that the reef has proven in this study is that the submerged reef can
have an affect an order of magnitude larger than the reef size. Thus designing a
reef to control offshore bars, longshore currents, rip/bar formations, beach-state
and wave transformations for surfing and coastal protection could be an evolution
of the ASR concept. Breaking waves on the reef structure itself might not be the
method through which surfing is improved, but rather of modifying the beach in
general to improve sand bars for surfing and achieve other objectives such as
coastal protection. Thus a broader scale definition of such techniques is termed
here as ‘multipurpose sediment controlling structures’, where artificial surfing

reefs would be a subset of this larger family of engineering techniques.
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DISCUSSION

There are no absolute rules, or generic solutions that can be applied to coastal
erosion problems because of the dynamic and diverse character of shorelines
(MORANG, 2006). TAJziEHCHI and Cox (2005) commented that submerged
breakwaters/reefs are increasingly being used to manage coastal erosion, but the
knowledge on the structures impacts on wave transmission, currents, sediment
processes and shoreline response is still only developing. The resource consent
application to build the reef (RENNIE et al., 1998) states that the reef was being
built to research coastal protection, amenity enhancement (surfing, diving, fishing
and beach recreation), biological enhancement and social and economic impacts
of the reef. This research contributes to that goal and is important due to the
significant gap in the literature on ASR monitoring identified by SCARFE et al.
(Chapter 2).

Although various studies have monitored ASRS (e.g. BANCROFT, 1999; BORRERO,
2002; BoRReErRO and NELSEN, 2003; MAck, 2003; BLAck and MEAD, 2007;
JACKSON et al., 2007; PATTIARATCHI, 2007), results of detailed oceanographic
research including charting bathymetry, measuring oceanographic conditions, and
retrospective wave and sediment modelling have not be widely published. This
sentiment is echoed by HENRIQUEZ (2005) when referring to the Narrowneck reef
(Gold Coast, Australia), which is perhaps the most well funded reef construction
to date. Detailed analysis of morphodynamics, constructed reef shape, reef
settlement, wave, sediment and current modelling and measurements and
“surfability” improvements are required. Detailed oceanographic studies are
commonplace for surfing and ASR design studies (e.g. BLACK, 1999; MEAD,
2003; VAN ETTINGER, 2005; MEAD and BLACK, 2005; MEAD et al., 20044, b and
2007; Mocke et al., 2003), but have not been widely practiced after reef
construction (SCARFE et al., Chapter 2). It appears that to date the a priori
estimate of reef shape and surrounding processes has not been compared with the
a posteriori result. The opportunity to derive maximum benefit from a reef project
comes from such a posteriori analysis. Of course this type of analysis does
increase the total project cost, but without the data questions about the

effectiveness and impacts of ASRs remain.
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In a generic discussion of monitoring coastal structures, HUGHES (2006)
highlighted that monitoring is required to assure continued acceptable project
performance. Additionally HUGHES (2006) discussed that monitoring during and
after construction is required to identify a project’s success and failures, to
manage environmental effects, and in the case of a new engineering concept like
the ASR, to further develop the technology in different coastal environments. The
research presented here has contributed empirical information on ASRs and
morphology, and provided a methodology to monitor the beach response to such a

structure.

BLACK and MEAD (2007) is the only paper to publish retrospective morphological
modelling or a series of beach surveys. Considering the primary function of an
ASR is to control the coastal processes by modifying the surf zone bathymetry,
bathymetric measurements over time and morphology modelling are considered
extremely important. Neither of the main monitoring publications for the
Narrowneck (JACKSON et al., 2007), or Cable Stations (PATTIARATCHI, 2007)
ASRs, published bathymetry or an oceanographic analysis of how the new
bathymetry transforms waves to improve surfing or modifies surf zone
hydrodynamics. Both PATTIARATCHI (2007) and JACKSON et al. (2007) calculate
the number of days waves break on the reef, however this is a limited measure of
“surfability”. ASR “surfability” monitoring methods employed by BORRERO
(2002), BorrRerRO and NELSEN (2003) and MAck (2003) are considered more
robust methods. HUTT (1997), MoORES (2001) and SCARFE (2002) also provide
scientific methods for measuring “surfability”. The monitoring by JACKSON et al.
(2007) includes ARGUS video imaging, hydrographic surveys, photography, surf
observations, GPS surfing track plots, structural performance, ecological surveys,
beach protections, and “surfability”, but the paper does not provide much
scientific evidence about the actual performance. Analysis is mostly limited to
discussions of experiences rather than scientific experiments. JACKSON et al.
(2007) does however provide an interesting method to measure the path of surfed
waves. However, without publishing the bathymetry relative to the surfer paths

the results are of very limited value to readers.

Although previous monitoring studies do not reveal much about the
oceanographic impacts of the structure, each reef monitoring study to date has

contributed to the knowledge on the subject. There is considerable scope for
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further monitoring research and morphological research should continue to
investigate changes in beach-state around ASRs. From an oceanographic
perspective, this should be undertaken with two aims, firstly changes in
morphology for shoreline stability and secondly changes in beach-state for
recreational amenities (e.g. surfing and swimming safety). Of particular interest
would be a study that used time averaged images (e.g. HOLMAN et al., 1993;
AARNINFKOF et al., 2003; TuRNER et al., 2006), more detailed modelling
including currents, sea levels, non-linear wave propagation and morphology (e.g.
KENNEDY and CHEN, 2000; SymMoNnDs and BLACK, 2001; KARAMBAS and
KoUTITES, 2002; BLACK, 2003; PHILLIPS et al., 2003; CHEN et al., 2004; CACERES
et al., 2005; VAN ETTINGER, 2005; RANASINGHE et al., 2006; PooRrT, 2007) and
tracking of surfers over the reef and nearby sand bars (MOORES, 2001; SCARFE,
2002; JACKSON et al., 2007). From a shoreline stability perspective, the odd-even
mode method of TURNER (2006) is a robust means of distinguishing “natural”
shoreline behaviour from engineering impacts, and could be applied to low, mid

and high tide contour datasets collected here.

The size of the study area used in this study is considered adequate to resolve the
reef, surf zone and shoreline morphology. However, to understand downdrift
effects and the movement of sediment along the coast a study area of a much
larger scale is recommended (>4000 m longshore). Longer term monitoring is also
required to determine if the next offshore bar will go through the same series of
processes as mapped here. The exact mechanisms for creating the rhythmical
features is not measured with any instrumentation, only inferred from surf zone
and ASR literature. Future research could include measurements of waves
(gravity and infragravity), currents and suspended sediments in the surf zone.

Measurements should be supplemented with hydrodynamic modelling.

CONCLUSIONS

This study presents results and a method for monitoring ASR and other
submerged structures, and sesults of an attempt to incorporate surfing into coastal
engineering and management. The MBES data has provided valuable empirical
information as to how a beach and waves respond to an ASR, which is not
possible to collect using SBES. This type of monitoring has not previously been

undertaken for ASR projects. The main findings of the research are:
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e the reef is inhibiting sediment transport on the offshore bar crest, creating
a submerged groin affect;

e the beach has an intermediate beach-state that has become more reflective
and rhythmic, which is attributed to the reef construction’s impact on surf
zone hydrodynamics;

e the reef has formed a scour hole 3.1 times the size of the reef that links
with an existing longshore trough;

¢ refraction modelling shows the reef is attenuating waves but the scour hole
in the lee of the reef rotates waves more than the reef structure;

e no salient has formed,

e sediment from the shore parallel longshore bar migrates shoreward
supplying sediment to form the rhythmic bars and rips;

e future research around ASRs should monitor the reef’s impact on the
beach system over a longer length of the coast; and

e future reefs may benefit from being built beyond the depth of close where
sediment mobility is less, and salient response is more likely.

The observed shoreline structures, reasonably symmetrical around the reef,
suggest possible changes of infragravity energy patterns, non-linear wave-wave
interactions, energy dissipation through wave breaking, radian stress, wave height
gradients in the reef lee and water levels setups caused by the reef. Since the
beach is broadly classified as an open coast beach system, without significant
nearby reefs or headlands the amount of reflected infragravity wave energy is
limited. For such open coasts, wave height gradients will form a significant driver
for hydrodynamics (SHORT, 1999a).

Before the reef was constructed the intermediate beach within the study area was
generally described as having a longshore bar and trough formation broken up by
periodic rips tending to a rhythmic bar and rip beach-state. Throughout this study
a longshore bar formed and migrated shoreward and then broke up rhythmically in
the shallows of the surf zone (-0.5 to -3 m MSL), eventually welding to the
intertidal beach. Although the welded bars were at times transverse in nature, they
did not form into large cuspate formation as seen on the cover image of SHORT
(1999a).
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The ASR’s impact on natural rip and bar formation is considered significant and
needs to be addressed during reef design. Because the small structure has had an
impact over a much larger area of the beach, an alternative coastal engineering
concept is identified, which does not cause wave breaking for surfing, but aims to
control beach morphology for coastal protection and surfing. There is a large
scope for future research on such technology (e.g. RANASINGHE and TURNER,
2006) and are described here as “multipurpose submerged sediment controlling

structures™.

The biggest advances in reef design to date have come from actual artificial reef
projects with each reef being significantly different in size, construction and
design as knowledge on the subject grows. Through the construction of reefs,
theories about the shape and manner in which reefs should be built can be tested.
Thus it is critical that any reef projects are well planned and monitored with a
significant research component. It is through transparent analysis of reef projects
that the concept will evolve most efficiently. The interest in the technology will
diminish if people are consistently told about how well a reef development will

perform, only to be let down by the actual results.
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Chapter 9 — MAJOR RESEARCH FINDINGS AND CONCLUSIONS

INTRODUCTION

Although modern coastal science and engineering methods attempt to achieve
long term sustainability, the damage caused by much of the engineering works of
the 20™ century is significant to our natural beachscapes, which includes surfing
breaks. To address this problem at a practical level, various “non-profit surfing
advocate groups” have evolved to protect and enhance the surfing amenities of the
world’s coastlines (WALTHER, 2007). In order for their advocacy to be successful,
problems need to be addressed on several fronts including resource management,
political, sociological, economic and coastal science. Although political, social
and economic progress has been made (e.g. LAzAROW et al., 2007; NELSEN et al.,
2007), prior to this thesis the oceanographic component of surf advocacy was not
well articulated in the academic literature.

It is only in recent years that the academic literature has begun to address matters
relating to surfing (Figure 2.1). SCARFE et al. (Chapter 2) categorises the different
area of research-based surfing literature and found that although surfing wave
transformations are well described, the majority of the literature is concerned with
ASR design. Coastal management issues and surfing are frequently mentioned in
the literature, but specific publications on how to include surfing in coastal
management are rare. Thus this thesis provides original contributions to this
research area. This includes highlighting the importance in coastal management of

the oceanographic considerations listed in Table 9-1.
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Table 9-1. Oceanographic considerations identified in this research that are important to continue

researching if surfing breaks are to be effectively included in coastal management.

Research Area

Oceanographic Considerations

. hi fi i
surfing wave parameters (Hg; a; B;; and S,) Oceanographic/surfing science

identifying surfing break components Geomorphic/surfing science

. . . Oceanographic/surfing science
affect of wind on surfing wave transformations grap g

the relationship between surfer skill level, surfing Oceanographic/surfing science
manoeuvres and surfing wave parameters
impacts of current patterns on the formation and Oceanographic/surfing science

“surfability” of a surfing break
the geomorphic category of a surfing break

(headland or point break, beach break, Geomorphic/surfing science
river/estuary entrance bar, reef break, ledge

break)

offshore wave transformations important for Oceanographic/surfing science
surfing

beach-state and morphology around surfing Geomorphic/surfing science
breaks

non-linear wave-wave interactions and Oceanographic/surfing science

infragravity wave energy around surfing breaks

SURFING AND ICZM

Coastal management involves trying to satisfy the needs of various interest groups
based on sound rationale and strategic processes, and to maintain sustainability.
ICZM is commonly held as the desirable method of achieving this aim, but has
not been discussed previously in a surfing context. SCARFE et al. (Chapter 3)
provides evidence of positive and negative impacts to surfing breaks from coastal
engineering when ICZM practices have not been followed. Without proper
consideration in ICZM, surfing breaks will continue to be altered by coastal

development.

Utilising the principles discussed in SCARFE et al. (Chapter 3), accompanied by
detailed oceanographic studies, will assist in adding transparency to decision
making around surfing breaks. Included in the recommendations is the use of
multipurpose coastal engineering methods, such as artificial surfing reefs and
other “multipurpose sediment controlling structure”. Such technologies can
potentially provide multiple benefits to multiple user-groups and rely on
modifying holistically various physical processes including surf zone
hydrodynamics, sediment transport pathways and sedimentary control points. The
inclusion of multiple design variables allows outcomes to be much more

sophisticated, but such technology is still experimental. Thus although significant
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theoretical research exists, more attention needs to be given to evaluating the

performance of constructed reefs.

The increased awareness in New Zealand over recent years of the engineering
impacts to surfing breaks has resulted in the inclusion of a specific policy on surf
break protection in the draft New Zealand Coastal Policy Statement
(DEPARTMENT OF CONSERVATION, 2008). The policy states that ‘protection from
inappropriate use and development’ is required and this is the first time surfing
has been specifically included in New Zealand’s resource management
framework. The policy is a significant driver towards integrating surfing into
coastal management and a model to further evaluate in future research .
However, the policy only currently applies to the most iconic surfing breaks,
whereas surfers have a variety of skill levels and not all surfers can negotiate
riding waves at such locations. For surfers to improve and gain the skill level
required to surf the more dangerous or busy surfing locations, they need to go
through a progression of surfing breaks, from beginner to advanced. Some
beginner surfing breaks might not rate on a national scale of the best surfing
breaks, but still are important surfing “nurseries”. Future research on ICZM and
surfing will need to consider how the protection of important surfing “nurseries”
should be included as they eventually supply the iconic spots with surfers. In the
same way that a range of biodiversity is protected, a range of surfing breaks for
different skill levels, and with a range of geomorphology, should be preserved for
future generations. The surfing reserves concept (FARMER and SHORT, 2007) also
only addresses the protection of the most iconic surfing breaks further

highlighting the need for more research in this area.

Generalised EIA for Development around Surfing Breaks

EIA is identified as a potential method to highlight impacts from coastal activities
to surfing breaks as part of ICZM. Although EIAs on surfing have occurred
worldwide, NELSEN and HowD (1996) and MEAD et al. (2004) show that they are

not always undertaken adequately. SCARFE et al. (Chapter 2) found that peer-

19 As the policy is currently only in draft form, and open to public submissions, the final wording
or decision about its inclusion is not known. The policy could be modified, rejected or included

under a broader recreational policy.
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reviewed articles discussing EIA are not commonplace in coastal literature. Thus

methods for incorporating surfing into EIA processes are not widely known.

To initiate discussion in the literature, coastal activities, oceanographic factors to
consider and environmental data types have been tabulated (Tables 3.5-3.7).
These tables are further developed here to provide a generalised EIA checklist for
activities around surfing breaks. As this thesis is primarily focused on physical
processes, the EIA checklist provides various surfing and oceanographic
considerations, and but also makes some contribution to potential socio-economic
methods to assess the impacts of activities on surfing breaks. Specifically, Table
9-2 relates different surfing and oceanographic factors to data types that can be
used during EIA analysis. The generic EIA checklist (Table 9-3) presents
considerations for the development of assessment methods during project
planning, construction and monitoring phases, and can be adapted and further

developed with considerations specific for particular coastal projects.

Table 9-2. Potential oceanographic and surfing factors to consider during an EIA. Numbers
represent examples of data types that can potentially be used during impact analysis. The table is
derived from Tables 3.6 and 3.7.

Sediment transport

. 2,7,
23,567,814, | 812,13 | Breaker intensity

1,8,9,11 ' .
' Surfer skill level

Bathymetry pathways 8,9,10,12,13

15

________________________________________________________________________________________________________

Wave climate i Sediment grain sizes .
i ' 1,2,7,8,9,10, ! . .
. Coo 38 ! Peel angles . Breaking wave height
(inshore and | within littoral cell 1213 2
1,2,3,7,8,9,10 | 14,15

offshore)

6,8
Storm surge

________________________________________________________________________________________________________

Wave and tide
induced current

2,3,5,6,7,8,10
patterns

Wave refraction/

diffraction/

Tidal patterns and

' long term water level

6,8
trends

Surfer numbers and

Surfable days per

6,7,8,10,12,13
year

Precise location of

Wind patterns ~8 1 seasonal variations ® surfing rides L2678
Shoaling 1236789 12,13 9,10,11, 12, 13
10, 11, 12, 13
1. Aerial photos 6. Tidal data
2. Bathymetry data 7.  Wave data
3. Side scan images 8. Documents/reports
4. Topographic data (e.g., contours, 9. Digital Elevation Models

LIDAR data)
5. Current data

(DTM)/Digital Terrain Models
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10. Hydrodynamic modelling of
oceanographic conditions

11. Surfing break component schematics 15.

12. Video of surfing waves

13. Obligque photos of surfing waves
14. Sediment grain size data

Suspended sediment concentrations

16. Water quality data

Table 9-3. Generalised environmental impact assessment template that can be adapted and applied

when potentially harmful activities are undertaken nearby surfing breaks. The suggested activities

that require such an environmental impact assessment to be applied are included in Table 3.5.

TYPE OF

PROJECT PHASE IMPACT
PLANNING
Develop baseline
understanding of
issues/processes and .
predict impacts from Social/
proposed activity to Economic
each issue/process

Physical

CONSTRUCTION
Monitor predicted
impacts and identify Social
when unpredicted /Economic
impacts occur and Physical
MONITORING
Undertake
monitoring of Social
impacts to identify JEconomic
when unpredicted and Physical

impacts occur

ISSUES AND
CONSIDERATIONS

e Number of surfers utilising the
surfing break, including daily
and seasonal variations

e Socio-economic conditions

e Cultural/demographic

conditions
o Sociological surfer profile
e Surfing break amenities

(accessibility/facilities/car
parks/toilet/beach access etc)

Develop an understanding of
surfing and oceanographic
considerations identified in Table
9.2 and predict expected impacts of
the proposed activity to them

Monitor changes to
issues/processes identified during
the planning phase, and assess
whether the impacts are acceptable,
temporary or unacceptable

Compare a priori predictions with
a posteriori ~ measurements of
impacts and determine implications
of the project to the surfing break

TEMPORAL
REQUIREMENTS

The study to determine
baseline understanding of
existing conditions should
cover at least one year to
allow for seasonal
variations to be
understood. Depending on
the issue that is being
considered, longer analysis
may need to be undertaken

Monitoring will need to
take place for the length of
the construction period,

with the frequency of
monitoring being
dependent on the
issue/process being
monitored

Monitoring of impacts

should last at least two
years to allow new beach
equilibriums to be formed.
For some projects
monitoring will need to be
ongoing for the life of the
project (e.g. continuous
beach nourishment)

SURFING GIS

Coastal management decision-making requires the availability and interpretation

of often complex environmental data. However, specific tools can be developed to

better understand surfing-related coastal management issues. As demonstrated

throughout this thesis, understanding the relationship between the surfing and

oceanographic factors identified in SCARFE et al. (Chapter 3) can be accomplished

via GIS. The technology can be used to manage, visualise, process and interpret

spatial and non-spatial data. Also GIS can be utilised during the design and

monitoring of multiple-purpose structures and when predicting or monitoring the

effects of coastal activity on surfing. Therefore, a pressing need exists to further
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develop surfing specific GIS technology within environmental surfing
organisations and coastal management authorities. Research undertaken here
complements and extends the existing Surfrider Beachscape surfing GIS
discussed by NELSEN and RAUSCHER (2002) by incorporating modern
oceanographic analysis. Of particular interest in the thesis have been the
development of custom geoprocessing software and the geodatabasing of

environmental information.

The research demonstrates the potential to incorporate hydrodynamic model
output into GIS, exponentially improving data management, visualisation,
analysis and distribution when compared with standard modelling visualisation
software. This point is iterated by the fact that various DHI models are being now
run from within a customised ArcGIS environment. The GIS development method
is similar, but much more in depth than the method employed to manage
hydrographic data in Chapter 5. For example, DHI’s storm and waste water
modelling software Mike Urban is run completely from within a heavily
customised version of ArcMap (2D mapping software from ArcGIS). This gives
users access to the GIS technology and allows data storage in a modern
geodatabase format. The integration of modelling software and GIS in the coastal
area is also expected to develop in the future, and is an important future research

area for surfing and coastal management.

GIS has been used in two ways throughout this research. Firstly, SCARFE et al.
(Chapter 5) uses GIS in the classical manner where the technological system
combines data storage, users, data processing, visualisation, data distribution and
computer hardware in an ongoing manner. The second use of GIS has been much
more ad hoc where information has been analysed to understand a phenomenon,
create a map or figure, or make a three-dimensional visualisation. This ad hoc GIS
approach has been used throughout the thesis and often data processing methods
and data schemas are designed for single tasks. This is in contrasts to the classical
GIS method, which has strictly enforced data schemas and geoprocessing models.
Future research should continue to develop these ad hoc analysis methods and
implement them into classical GIS once the methods and data schemas are
refined. Such research should pay particular attention to the environmental data
types identified in Table 3.7.
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COASTAL CHARTING

Bathymetry is a key component of a surfing break, and therefore techniques to
depict bathymetry are critical for including surfing in coastal management. The
use of MBES to image surfing breaks has been evaluated here. Such systems are
an array of commercial sensors and processing software, which are often
supplemented with custom components and software processes. Overtime sensors,
software and surveying workflows are changed to yield improvements in
reliability, efficiency and outputs. So although many components of the MBES
are commercially available, there is a significant research element to refining the

system.

During this thesis many customised tasks have been developed to plan, acquire,
process, interpret and publish survey data. This includes research on the best
software for specific tasks, as well as highly customised geodatabases, GIS
models, GIS scripts, and GIS applications. Although many facets of MBES are
commercial products, to optimise the system significant original research
contributions have been made. This includes GIS methods to calculate the

accuracy of survey datasets.

The use of RTK GPS for measuring water levels during surveying has been
developed and demonstrated. This includes the use of incline plane models of the
geoid-ellipsoid separation. Although software by Trimble Navigation was used,
input has been provided into the development of RTK GPS water level portion of
the software. SCARFE et al. (Chapter 4) presented detailed methods and results of
implementing the technology for the first time. Ten contributing factors between
measured tidal records using traditional in situ gauges and RTK GPS are listed in
ScARFE et al. (Chapter 4) and such a discussion was not previously been found in

existing literature.

The speed of data collected using MBES over SBES is discussed in SCARFE et al.
(Chapter 4) and it was found that the Mount Maunganui surveys were
approximately seven times more efficient than the SBES survey of a surfing break
by KILPATRICK (2005), with significantly better sea floor coverage. The
application of bathymetric LIDAR technology to charting surfing breaks was not
found in the literature, and it is expected to further increase the speed of surveying

over MBES, but with a reduction in accuracy and spatial density of
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measurements. The use of bathymetric LIDAR around surfing breaks enables
coverage of sea floor areas coastal area and is an exciting area of potential future
research. Such datasets may be collected for different purposes, but can be

reinterpreted in a surfing wave context.

ARTIFICIAL SURFING REEF MONITORING

The role of an ASR is to change the bathymetry and it needs to be monitored in
detail. Previous ASR projects have not resulted in publication of the resultant
bathymetry, let alone a series of MBES surveys such as those collected during this
project. From a research perspective the monitoring has been valuable in
demonstrating how a beach responds to an ASR. This has been discussed in depth
in SCARFE et al. (Chapter 8). In summary:

e the reef did not form a salient, but still provides valuable empirical
evidence of the impacts to morphology;

e the morphodynamic beach-state was found to be significantly modified
and this has the potential to change surfing conditions and swimming

safety around the reef; and

e the impacts of the reef on the offshore bar, beach-state, salient response
and scour hole development all need to be incorporated into future reef
design as the research shows that the reef has caused changes over a large
area (at least the size of the 112.5 Ha monitoring area).

The monitoring of the ASR has led to the conclusion in SCARFE et al. (Chapter 8)
that the ASR concept is encapsulated in the larger family of “multipurpose
submerged sediment controlling structures”. Since the wave preconditioning
function of a surfing break (discussed further in MEAD and BLACK, 2001a and b)
Is at a scale too large to easily engineer, the idea of using submerged structures to
control sediment and hydrodynamics rather than break waves for surfing is
considered to have merit. Such structures would not require as accurate
construction tolerances as surfing improvement would result from the new
morphology and surf zone hydrodynamics created by the submerged structure.
The literature on ASR design is primarily focused on the actual reef shape and
impacts to wave transformations, but the research in this thesis suggests that the
larger scale morphological processes should be the main focus of research into
ASR design theory.
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Considering the resource consent application for permitting of the reef
construction (RENNIE et al., 1998) stated the primary purpose of the reef was for
University research, it is difficult to compare the research and public expectation
of what constitutes a successful surfing reef. For the purpose of improving
knowledge on multipurpose coastal engineering technology, a key tool to achieve
integrated coastal zone management, the research presented in this thesis
complements that of MEAD et al. (2007) and BLACK and MEAD (2007) and makes
a significant contribution to knowledge on innovative coastal engineering.
However, for the local surfers the benefit of the reef has not been dramatic. The
most likely reasons for this is that the reef is not complete, is too small to
precondition waves and only can cause wave breaking for surfing during a limited

range of conditions.

CONCLUSIONS

Although the initial motivation for this research was to aid the struggle of surfers
in protecting their local surfing breaks, as the research developed it became
apparent that opposing development around surfing breaks completely, again
promotes this single-issue or single sector view point. Therefore there is a need
for multipurpose engineering that aims to provide multiple benefits to multiple
user-groups. Such technologies rely on modifying various physical processes such
as surf zone hydrodynamics, sediment transport pathways and sediment control
points. Thus it is advocated that a combination of coastal management techniques
and innovative engineering methods be used around surfing breaks to ensure the
world’s surfing breaks are sustainably managed, and enhanced or created where
deemed appropriate. However, in this early stage in the development of surfing
engineering technology it is recommended that staged developments be
investigated. It is considered critical that such engineering works are approached
from a research point of view and that ongoing monitoring of critical
environmental and social variables is undertaken (Table 9-2). Only then will

surfing developments be able to be adequately considered in ICZM.
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Appendix 1 — DHI Mike 21 NSW Refraction Modelling
of Aramoana

This appendix presented all five wave events modelled during the study of
Aramoana in Chapter 3. The wave events were identified and bathymetry
collected by KiLPATRICK (2005), and further information including photographs
and descriptions of the wave events are included the research. The oceanographic
conditions is republished here. All wave heights are in meters and angles in

degrees relative to grid north.

KILPATRICK, D., 2005. Determining Surfing Break Components at Aramoana Beach, Dunedin.

Dunedin, New Zealand: The University of Otago, Honours dissertation, 68p, + appendices.

Oceanographic Conditions

Event 1 - 18/03/2005 10:21am NZST
Tide: 1.62m above chart datum. At the peak of full tide, beginning to drop.
Swell: From 73° (surfer’s ENE swell). Significant wave height: 2.7m. Period:
12.3s.
Wind: To 240° (surfer’s ENE wind). Velocity: 4.5 ms™

Event 2 - 19/06/2005 4:06pm NZST
Tide: 1.759m above chart datum. Dropping
Swell: From 80° (surfer’s ENE swell). Significant wave height: 1.7 m. Period:
12.3s.
Wind: To 52° 7 (surfer’s south-west wind). Velocity: ms™

Event 3 - 20/07/2005 11:30am NZST
Tide: 1.377m above chart datum. Rising.
Swell: From 111° (surfer’s ESE swell). Significant wave height: 3.0 m Period:
12.3s.
Wind: To 70° (surfer’s WSW wind). Velocity: 5.5 ms™

Event 4 - 10/8/2005 12:34pm NZST
Tide: 0.49m above chart datum. Low-tide.
Swell: From 162° (surfer’s SSE swell). Significant wave height: 3.0 m Period:
13.5s.
Wind: To 52° (surfer’s south-west wind). Velocity: 2.5 ms™

Event 5 - 8/10/2005 11:09am NZST
Tide: 0.6m above chart datum. Dropping.
Swell: From 176° (surfer’s south swell). Significant wave height: 3.3 m. Period:
13.5s.
Wind: To 357° (surfer’s southerly). Velocity: 6.5ms™
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Appendix 2 -Mount Maunganui WBEND Refraction
Model Calibration

As with all hydrodynamic modelling, there are caveats with the results and this
appendix discusses the model calibration and implication for the interpretation of
the output. Still, the modelling at 60 m and 3 m cell size model grids achieved the
objectives of the exercise. Namely, to gain understanding of the offshore and
nearshore wave processes occurring for a surf and storm events at Mount

Maunganui.

The rapid-solution monochromatic and spectral numerical wave refraction model
WBEND (BLACK and ROSENBERG, 1992; BLACK, 1997 and 2000), from the 3DD
Suite of models, was used for the analysis. The model has been successfully
applied to a broad range of projects and simulates refraction and diffraction over
complex bathymetric features (MEAD et al., 2004a and b; MEAD and PHILLIPS,
2007). The model has been applied numerous times to surfing wave studies
including studies of Raglan, New Zealand (HUTT, 1997; SCARFE, 2002; MEAD and
PHILLIPS, 2007), the Mount Maunganui ASR (MEAD et al., 1998 and 2007) and
the Qil Piers, California, ASR (MEAD et al., 2004b). The models require waves to
pass into the grid from the left hand boundary, requiring rotation of the
bathymetry. The model was used with a single cell as the boundary condition
allowing a time-series calibration data to force the model for calibration. If the
cell is not on the boundary (as in the 60 m grid), the model back-refracts the

waves to the boundary before being transformed in a shoreward direction.

60 m WBEND Model Calibration

The 60 m model grid used the EBOP site as the model boundary and three inshore
direction and four wave height measurement sites to be used as a calibration
points. The location of the various wave instruments can be seen in Chapter 7
(Figure 7.1 and 7.2). One month’s wave data at the S4 SILTDUMP site was
available and yielded over 700 hourly wave measurements. The output files of the
model the version used was limited at 2 GB so not all of the wave measurements
and tides measurement could be efficiently used. Every fourth measurement was
used and two simulations were required to model the entire period. In all, 178

wave events were simulated and results were obtained in separate files (first
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period = 21/9/2005 to 10/11/2005; second period = 10/11/2005 to 27/10/2005).
Wave height were below 1 m for the first period and a storm occurred peaking at
2.5 m (Hsig) during the second period.

Figure A shows the measured and modelled wave directions for the three
InterOcean S4 current meters. The model has consistently underestimated wave
angles, with the best agreement seen for the deepest site at S4_SILTDUMP. The
shallower the water, the more important it is to have good bathymetry. It is
possible that the New Zealand Navy soundings from the 1960s used for much of
the model grid contain inaccuracies, and poor spatial distribution, contributing to

some of the bias observed. Any error could be magnified in shallow water.

Another additional source of error may come from the modelling technique itself.
The use of a monochromatic wave model does not account for local winds for the
wave spectrum meaning that perfect results will be unlikely over such a large
area. The model output presented in Chapters 2 and 3 (Figure 2.9 and Figure 3.12)
shows extreme gradients due to the islands and bathymetric focusing. However,
the spectral wave model image presented in Figure 7.4 shows less prominent
focusing. This is to be expected because when a non-monochromatic spectrum
exists, wave energy from directions other than the mean direction will leak around
the island and focus differently over features. This results in smoother wave
height gradient. The wave angle can be seen to hardly change between the
measured EBOP boundary condition and the modelled S4 sites, other than the last
portion of the S4_BCDUMP direction figure.

Figure B shows the wave height calibration for four locations. One immediately
obvious observation that can be made is that the model is over predicting wave
heights compared with the measurements. The model predictions are very similar
to the EBOP boundary heights and this once again suggests that the
monochromatic model has over simplified the wave transformations. The
empirical relationships derived in Chapter 7 show that the EBOP site is
consistently larger than the sites near Mount Maunganui, however the wave
energy appears to be conserved as it is transformed between the sites. In reality,
the EBOP site will have larger wave heights because of the contribution of winds
out at sea. The nearshore sites are in fetch limited positions for offshore and cross-
offshore wind directions, and thus the contributions within the wave spectrum
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from local winds will be much smaller than at the EBOP site. For example, during
offshore winds the Mount Maunganui sites will only measure swell generated
from offshore sources, not by local winds. The offshore wind will also reduce the
swell height as it blows against the incoming swell. However, The EBOP site
during the same offshore wind has 13 km of fetch to generate wave energy. Not
accounting for these processes in the model is the expected reason for the
observed differences.

When averaging the errors (Table A) the actual height discrepancy appears
acceptable for the purpose of the modelling. It is concluded that any error in the
calibration are caused by bathymetric quality and density, failure to model the
wave spectrum or local winds. However, within the purpose of this thesis the
rapid solution model still provides valuable predictions of the offshore wave
transformations for the wave events identified in Table. The quick simulation time

allowed many simulations to be run.

Table A. Average error and confidence interval for the four wave height measurement locations.

S4_SILTDU S4_BCDUM S4_ADUMP A BEACON

MP error P error (m) error(m) error (m)
(m)
average -0.22 -0.20 -0.20 -0.25
95% Cl 0.29 0.29 0.31 0.41
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3 m WBEND Model Calibration

The S4_SILTDUMP site is used as the model boundary and the S4 BCDUMP
site for calibration of the 3 m model grid. The same wave events as for the 60 m
grid were used, and the other sensors are outside of this smaller modelling area.
The calibration for the 3 m model grid has resulted in much better predictions than
for the 60 m grid and the calibration results (Figure C) show close agreement. The
jagged nature of the wave directions is attributed to the use of 15 minute sample
periods during data collection. If a longer period was used, or the directions
smoothed, possibly a closer agreement would have been found. Still the average
height error is only -0.06 m (0.18 m 95 confience) giving confidence in the model

predictions. The better calibration that the 60 m gird is attributed to:

(i)  the proximity of the sensors compared with the large grid;
(i)  the use of a fine scale grid and more multibeam echo sounding data;
(iii)  winds being similar between measurement locations; and

(iv)  similar wave spectrums between measurement locations.

50

= | fml';‘
e f ; ) LT
. ;;f&w;f‘fniw.

-10

Modelled Direction (°)
o
>
a8
—
=
E—y-

-20

-30

-40
6 66 126 186 246

Wave Event Number

= = Modelled S4_BCDUMP ——Measured S4_SILTDUMP ——Measured S4_BCDUMP

3

2.5

2

15

1

Modelled Significant Height (m)

0.5

6 66 126 186 246

Wave Event Number

= = Modelled S4_BCDUMP ——Measured 54_SILTDUMP ——Measured 54_BCDUMP

Figure C. Wave angle (top) and height (bottom) calibration for 3 m model grid.
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Appendix Three — Survey Coverage for Mount
Maunganui Artificial Surfing Reef Surveys

26/04/2005
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Appendix Three: Survey Coverage

20/04/2006
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Appendix Three: Survey Coverage
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