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Abstract: Wind-wave contributions to tropical cyclone (TC)-induced extreme sea levels are
known to be significant in areas with narrow littoral zones, particularly at oceanic islands.
Despite this, little information exists in many of these locations to assess the likelihood of
inundation, the relative contribution of wind and wave setup to this inundation, and how it
may change with sea level rise (SLR), particularly at scales relevant to coastal infrastructure.
In this study, we explore TC-induced extreme sea levels at spatial scales on the order of tens
of meters at Apia, the capitol of Samoa, a nation in the tropical South Pacific with typical
high-island fringing reef morphology. Ensembles of stochastically generated TCs (based on
historical information) are combined with numerical simulations of wind waves, storm-surge,
and wave setup to develop high-resolution statistical information on extreme sea levels and
local contributions of wind setup and wave setup. The results indicate that storm track and
local morphological details lead to local differences in extreme sea levels on the order of
1 m at spatial scales of less than 1 km. Wave setup is the overall largest contributor at most
locations; however, wind setup may exceed wave setup in some sheltered bays. When an
arbitrary SLR scenario (+1 m) is introduced, overall extreme sea levels are found to modestly
decrease relative to SLR, but wave energy near the shoreline greatly increases, consistent
with a number of other recent studies. These differences have implications for coastal
adaptation strategies.
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1. Introduction

Tropical cyclones pose a significant hazard for many small island nations and have been estimated to
account for 76% of natural disasters in the Pacific [1]. The generation of extreme coastal sea levels from
storm surges and tides (referred to here as storm tides) and wind-waves are particularly hazardous for
coastal communities, many of which are expanding through population pressure and tourism [2].
Understanding the likelihood of extreme sea levels under present and future climate conditions is,
therefore, important for resilient coastal habitation and development. However, sea level observations,
from which the likelihood of extreme sea levels can be assessed, are often of insufficient number and
length to enable robust assessments, particularly given the relative infrequency of tropical cyclone (TC)
occurrences at any given coastal location [3].

Extreme sea levels arise from a combination of factors including astronomical tides, storm surges,
and wave breaking processes that lead to wave setup and run-up. Storm surge is caused by the inverse
barometer effect (IBE) together with surface wind stress acting over coastal seas (which produces wind
setup, see for example Pugh [4]). Wave setup is the increase in mean water levels due to the wind-wave
dissipation and wave run-up is the maximum extent of the instantaneous wave uprush at the coast. These
contributions have a morphological dependence: storm surge tends to be the dominant contributing factor
on wide-shelved continental coastlines, and wave setup is often assumed to contribute less than 10% to
the total water level (e.g., [5,6]). Wave setup and run-up, on the other hand, have been shown to be an
important contributor to extreme sea levels, particularly along steep-shelved coastlines and narrow
fringing reefs that characterize many small islands and atolls, e.g., [6-9]. In addition, whereas the
cyclone-induced storm surge tends to be concentrated in the region of maximum onshore winds close to
the cyclone center, wind-waves propagate with little loss of energy over the deep ocean, and so can
increase the scale and duration over which damaging coastal impacts occur during a TC event [10].

Mclnnes et al. [11] applied a stochastic and numerical modelling approach to assess the frequency
and magnitudes of storm tides around the Samoa archipelago under TC conditions. However, that study
did not consider wind-wave processes and was regional in scale: extreme sea-level patterns below the
scale of a kilometer were not resolved. An additional study, reported in Hoeke ef al. [12], used a
high-resolution storm surge model, coupled with a spectral (phase-averaged) wave model as well as a
one-dimensional phase-resolved wave model, and inputs from Mclnnes et al. [11] to produce
TC-induced inundation hazard information for the redevelopment of the Samoan parliament building,
located in Apia (the capitol city of Samoa). In this study, we expand on these two earlier works by
performing a series of additional simulations with the purpose of investigating the scale and spatial
variation of the relative contribution of wind setup and wave setup to TC-induced extreme sea levels, as
well as how these dynamics may change with SLR. This is accomplished by forcing the aforementioned
high-resolution coupled wave and storm surge model of the Apia coastline with two sets (ensembles of
30 members each) of stochastically generated TCs. The two sets of cyclones produce storm tides near
the statistical 50-year and 100-year recurrence interval (return period) levels at Apia, respectively,
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according to the findings of Mclnnes, ef al. [11]. Three forcing “regimes” are considered: “wind”,
“wave”, and “all”. These forcing regimes allow the separate contribution of wind and wave setup, and
how they interact, to be examined; the ability to separate forcing mechanisms is an advantage of
numerical modelling exploited by past studies [13]. Two background sea-level scenarios are also
considered: a “baseline” scenario which sets sea level to the mean local level between 1980 and 1999
relative to recently surveyed topography and bathymetry, and a “SLR” scenario where 1 m is added to
the baseline scenario. The SLR scenario is not intended as a quantitative projection of local sea level
rise, and no time horizon is assigned to it, although it is within the upper range of regional sea level
projections for 2081-2100 [14]. The SLR scenario is instead a proxy to examine potential changes in
wind and wave setup with an increased background sea level.

The coastal morphology of Apia (and of most of the Samoan Archipelago) is that of a basaltic island
surrounded by fringing reefs, a common morphology of tropical and sub-tropical oceanic islands
worldwide and may be considered representative of morphological analogues in the Indian and Atlantic,
as well as the Pacific.

The remainder of the paper is organized as follows. The next section gives an overview of the study
site, the methodological approach and the implementation of models that are used. Model results are
presented in Section 3, followed by a discussion and conclusions in Sections 4 and 5, respectively.

2. Experimental Section
2.1. Study Site and Context

The larger islands of the Samoan Archipelago are volcanic high islands, surrounded by a relatively
narrow littoral strip of complex fringing reefs, frequently incised with channels and embayments, often
associated with terrestrial streams. Apia, on the northern shore of the island of Upolu (Figure 1), is the
capitol city of the Independent State of Samoa and site of most of the nation’s infrastructure.

Tides in Samoa are mixed semi-diurnal with mean daily range of 0.86 m and a typical spring tidal
range of 1.3 m. While the northern coast of Upolu is frequently impacted by both local trade wind seas
and long-period swell associated with northern hemisphere mid-latitude storms, analysis of a 34-year
wave hindcast [15] indicates that all historical wave events with greater than a five-year recurrence
interval were associated with the passage of named tropical cyclones [12]. Thus, extreme wind-wave
events impacting Apia are most likely generated by TCs.

Several tropical cyclones have affected Samoa in recent decades, including TC Ofa in 1990, TC Val
in 1991, TC Tui in 1998, TC Heta in 2004 and most recently TC Evan in 2012. In February 1990, TC
Ofa killed seven people and caused damages estimated at US$130 million [16]. TC Val in December of
the following year was more destructive due to the slow movement of the cyclone, causing 15 deaths,
the loss of 95% of homes in Samoa and approximately US$200 million damage [17,18]. The tide gauge
at Apia was not installed until 1993 [19], so only anecdotal information is available on extreme water
levels arising from the earlier cyclones. Much of the destruction during TC Ofa was caused by waves
and high water levels [18]. Deep water wave heights during TC Val were reported to reach 7.5 m while
maximum water levels were up to 1.6 m and resulted in the Apia Observatory (on the Mulinu’u
Peninsula, Figure 1) being submerged to 0.5 m [20,21]. These reports, though providing only qualitative
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comparisons to the modelling outputs for the most part, have been used to assess and validate the models
and results presented in this study.

bathymetry/topography (m)

0 2 4 6 12

Figure 1. Location map of Apia in the Samoan Archipelago (inset, upper left) and the Apia
Model’s curvilinear grid and bathymetry/topography (main panel) with key geographical
features labeled. Note grid resolution varies from approximately 100 m near the boundaries
to approximately 10 m near the center. The numbers on the x- and y-axes indicate distance

in kilometers.
2.2. Ensemble Methodology

The TC ensembles used in this study are drawn from the stochastic cyclone and storm tide modelling
study of Mclnnes et al. [11]. The methodology for generating and selecting cyclones, and subsequently
forcing the (high-resolution) Apia model simulations, is illustrated schematically in Figure 2. Steps 1 to 3
summarise the approach used in Mclnnes ef al. [11], in which synthetically- generated populations of
tropical cyclone histories were developed for Samoa. Steps 1 to 3 of [11] are described briefly here for
completeness. Step 1 involved analysing historical cyclones in an 8° radius of Samoa; the large radius
being to ensure sufficient events to develop empirical probability density functions (PDFs) for cyclone
attributes of track, translation, speed, and intensity. The PDFs were then sampled to generate synthetic
storm tracks. In step 2 these were used in conjunction with the analytical cyclone (“vortex”) model
described in Holland [22] to develop wind and pressure gridded fields for each synthetic storm track for a
1-km resolution archipelago-scale hydrodynamic model that simulated the water levels due to the resultant
storm surge. An example of Holland vortex winds and the extent of the 1-km resolution archipelago-scale
hydrodynamic model are given in Figure 3a. Astronomical tides were also included by randomly
assigning to each storm track a commencement time during the cyclone season within a tidal epoch and
simulating the associated tide variations to ensure random phasing of tides with each synthetic cyclone
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event. Analysis of the synthetically generated sea level maxima in step three involves assigning an
average frequency of occurrence according to the observed cyclone frequency within the region covered
by the model grid to develop storm tide recurrence intervals (RIs). The 50 and 100-year storm tide RIs
were assessed to be 0.81 m and 0.92 m respectively [11].

é N \( 3. Storm N \(
1. Statistical 2. Hydro- tide return 4. Wave 5. High
cyclone dynamic T model resolution
model model 1 simulations wave and
flae simulations * gj * of selected * hydrodynamic
Intseltiiity of %j storm tide simulation of
Frequency storm (% | events selected events
Date tides 0 000 @ @

\ ) & ) \ Return Period ) \ J \ )

Figure 2. Schematic illustrates the method adopted in this study. Steps 1 to 3 relate to the
study of Mclnnes et al. [11] in which synthetic cyclone and hydrodynamic models are used
to estimate storm tide return periods. Steps four and five are undertaken in this study to
evaluate the additional contribution from wave setup.

Given the large deep-water fetches and long period waves typical of Pacific TCs [2], the “wave” and
“all” forcing regimes of the Apia model require wave modelling of a large ocean region to produce
realistic wave boundary conditions (step four of Figure 2). The archipelago spectral wave model
implemented to do this (see next section), as well as the wave module of the Apia model itself, are an
order of magnitude more computationally expensive than the depth-integrated storm surge model at
similar scales; therefore, simulating wave fields for the thousands of TC events generated in step one
would be prohibitive for most practical applications. In this study the problem has been made tractable
by selecting, from the total population described by Mclnnes [11], the 30 cyclones with maximum storm
tide values nearest to the 50 and 100-year RI values at Apia, respectively. A total of 30 synthetic TC
ensemble members was chosen because this (qualitatively) appeared to capture most probable cyclone
approaches to the Apia shoreline for both the 50 and 100 year RI ensembles; these two RIs were selected
because they are commonly of interest for engineering and planning applications. This “reduced
ensemble” approach allows the range of variability in wave setup to be explored for a given storm tide
level. As will be shown in the next section, not all parts of the coastline are exposed to wave setup;
indeed the location of the tide gauge within the sheltered deep water harbour at Apia is one such location.
Without a priori information on wave setup, this supports the two-step approach adopted in this study
of first evaluating the storm tide RlIs (i.e., no waves) from the full population of stochastic TCs, which
are relevant for locations little affected by waves (e.g., the tide gauge), and second building in the
additional contribution from the waves, through subsequent high-resolution modelling.

In summary, three different forcing regimes (“wind”, “wave”, and “all”’) are considered for each TC
in the two 30-member ensembles, one corresponding to the 50-year RI storm tide levels and the other,
to the 100-year RI levels, as defined by Mclnnes ef al. [11]. Two different background sea levels are
also considered: “baseline” and “SLR”. This results in a total of 12 ensembles (each with 30 members),
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or 360 total simulations of the Apia model described in the next section (not including historical

simulations used for model validation).
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Figure 3. Example of Holland vortex winds (a) and simulated significant wave height and
peak direction (b) during the historical TC Ofa (on 2 February 1990, 1200UTC). CFSR
winds (¢) and simulated waves (d) are included for comparison. The larger white box in (b)
and (d) indicate the 1-km resolution nested SWAN model region, the smaller white box
indicates the location and extents of the Apia Model.

2.3. Model Implementation

2.3.1. Archipelago Wave Model

In order to provide wave boundary conditions associated with the synthetic and the historic TCs, an
archipelago-scale nested Simulating WAves Nearshore (SWAN) model (version 41.01) was
implemented over the region. The SWAN model predicts the evolution in time and space of the wave
action spectrum [23]; here, spectral resolution was as follows: 72 directional bins (5° resolution) and
24 frequency bins, logarithmically spaced between 0.042 and 0.411 Hz. A number of previous studies
have shown SWAN’s default bulk wind input formulation [24] may overestimate wind drag coefficients
(Ca) in tropical cyclone wind conditions [25,26]; Ca is therefore capped at 2.5 m?/s and the wind source
term implementation is set to that reported in Janssen [27].
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The SWAN model’s outer boundaries were the same as the modelling boundaries described in [11],
i.e., that of the TC wind fields (Figure 3a). Spatial resolution was set to 5 km, with a 1-km resolution
nest centred on the islands of Upolu and Savai’i (Figure 3b). This model was validated by comparing
wave fields generated by the SWAN model using both synthetic (Holland vortex) and Climate Forecast
System Reanalyses (CFSR, [28]) winds with a multi-year wave hindcast for the region [15] for a number
of historical TCs (e.g., Figures 3 and 4). Comparisons between CFSR and Holland vortex wave fields
are covered briefly in the results section of this paper; however the validation is presented at some length
in [12].
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Figure 4. Upper panels: synthetic cyclone tracks used in this study: selected 50-year RI
ensemble (left) and 100-year ensemble tracks (right). Lower panel: maximum wave energy
flux (CgE) calculated by the SWAN model at a point just north of the Apia Model’s boundary
for each of the events modeled in this study; labels on the bars indicate corresponding
significant wave height.

2.3.2. Apia Model

For the simulation of extreme sea levels around Apia during TC conditions, the open-source version
(6.01.15.5013) of the Delft3D flow-wave-coupled hydrodynamic modelling system [29] was used.
This system has been widely applied to combined storm surge/wave setup processes, e.g., [30,31] and
has been successfully applied to tropical fringing-reefs such as those found in Samoa, e.g., [32,33].
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This system’s “flow” module consists of a finite-difference solution to the Navier-Stokes equations for
unsteady flow; the “wave” module is the previously described SWAN model. The two modules are
iteratively coupled so total dissipation forces (radiation stresses) from the wave module are passed to the
flow module to compute wave-induced residual flow and Stokes drift; the subsequent water levels and
currents in the circulation module are passed back to the wave module to calculate an updated wave
field. The Delft 3D model implementation used here (called the Apia model henceforth) was set up on a
2D curvilinear grid, which varied in spatial resolution from approximately 200 m near the northwest and
southeast (lateral) boundaries, to approximately 10 m near the Mulinu’u Peninsula and Apia Harbor
(Figure 1). This spatial resolution was made feasible by a high-resolution light detection and ranging
(LiDAR) topography and bathymetry survey of the Apia area.

Astronomical tidal predictions, based on the Apia tide gauge, and background sea level were
combined with linearly interpolated inverse barometer effect (IBE) from the archipelago storm tide
model to produce a spatially- and temporally-varying offshore water level boundary; shore-normal
lateral boundaries were calculated as water level gradients, i.e., Neumann boundary conditions [34].
Wave boundary conditions were supplied as directional spectra from the Archipelago wave model at
points along the Apia model boundary; spectral resolution and source terms were set the same as for the
archipelago SWAN model. Wave dissipation and subsequent wave setup over reefs have been shown to
be sensitive to hydraulic bed roughness (fiv) and the wave breaking index (As), defining the water depth
at which waves will break, i.e., H» = hh» where Hp is breaking wave height, 4 is water depth. In keeping
with a number of studies [8,33,35,36], we implement a spatially-varying f grid with roughness lengths
equivalent to 0.15 m in reef areas and 0.02 in sandy areas [37], and set the A» to 1.0 based on mean
fore-reef bottom slope according to the empirical relationship of Raubennheimer [38].

Water level observations at the Apia tide gauge and a nearby 11-month long mooring deployment
were well correlated (R > 0.98) with those predicted by the Apia model; root mean square errors (RMSE)
were less than 0.10 m at those locations. Reports of inundation extent and damage correspond well with
that modelled, particularly for Cyclone Ofa, which experienced the worst coastal inundation of recent
decades. Further details on validation, model parameters and other information are detailed in
Hoeke et al. [12].

The three different forcing regimes were all simulated using the “flow” module with the same water
level boundary forcing: in the “wind” regime the flow module was not coupled to the “wave” module.
Thus, no wave radiation stresses were present; in the “wave” regime, the flow module was coupled to
the wave module but assumed a surface wind stress of zero; in the “all” regime both wind and wave
forcing was present.

3. Results
3.1. Archipelago Wave Model Results

Wave model simulations were performed for each member of the two synthetic TC ensembles
(corresponding to 50 and 100-year storm tide RlIs). The tracks of the cyclones (Figure 4: upper panels),
indicated that those contributing to the 50-year storm tide levels were spread across the archipelago,
while those producing the 100-year storm tide levels crossed in much closer proximity to Apia,
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consistent with these events leading to higher coastal sea levels through inverse barometer effect and
wind setup (storm surge). An example of the modelled wind and wave field during a synthetic event is
shown in Figure 3a,b. Maximum deepwater wave energy flux (CeF, i.e., the power available to drive
wave setup and other shallow water wave processes) for all ensemble members for a point on the Apia
model’s offshore boundary is shown in Figure 4 (lower panel). These maxima exhibit a broad range of
values across the two ensemble members (60 storms in total); corresponding significant wave heights
(Hs) range from 3.8 to 12.1 m. This upper range is within the empirical values found by Stephens and
Ramsay [2] for Samoa: 10.6—13.7 m and 11.6—15.3 m for 50 and 100-year RI, respectively. The smaller
values of many of the ensemble members found in this study is most likely due to the fact that Stephens
and Ramsay [2] did not include any wave sheltering effects (e.g., of islands), whereas here they are
dynamically included. The ranking of ensemble members by C¢E in Figure 4 (lower panel) indicates that
while maximum wave heights generated by the 100-year ensemble are generally higher than those within
the 50-year ensemble, this is not necessarily always the case; the maximum overall C¢E value in Figure 4
is actually from a member of the 50-year ensemble. This is a reflection of the fact that factors besides
TC proximity to Apia and wind strength are important in determining maximum CgE impingent on Apia,
i.e., TC track orientation, radius of maximum winds and propagation speed. Furthermore this indicates
that local maximum CgFE is not necessarily well correlated with the local storm surge level (i.e., IBE and
wind setup) simulated by McInnes et al. [11].

Historical TC waves simulated with either CFSR winds [28] or Holland vortex wind fields are also
included in Figure 4 (lower panel) for comparison; these are scattered amongst the ensemble maxima,
indicating no consistent bias in maximum CgE between the synthetic TC approach and various historical
approaches. In particular, the position of the TC Ofa’s maximum CgE in the middle (synthetic forcing)
to upper end (CFSR forcing) of the rankings is broadly consistent with the TC’s characteristics (radius
of maximum winds and central pressure) relative to other historical TC information used to construct
the synthetic cyclone population. However, as noted by a number of studies (e.g., [39,40]), CFSR wind
fields may not be of sufficient spatial resolution to accurately simulate extreme waves near the TC eye
wall; conversely synthetic vortex wind fields may underestimate far-field winds (and thus wave
generation) by neglecting to take into account larger-scale meteorological conditions. An example of
this is evident in Figure 3: an area of stronger winds and elevated H;s to the east of TC Ofa is evident in
the CFSR simulation (Figure 3c,d) relative to the Holland vortex simulation (Figure 3a,b). Several
researchers have attempted to ameliorate such issues by blending reanalysis winds with vortex winds
(e.g., [40]); this is of course not an option for the synthetic cyclones used in this study, however.
Sensitivity of extreme wave prediction to different input wind fields remains poorly understood;
something exacerbated by an almost total lack of in situ TC wind and wave records in the insular
Pacific [2,7]. Further consideration of this is beyond the scope of this study, however, and remains an
area of future research. Comparisons of historic and synthetic cyclones and differences in wind forcing
are discussed at greater length in [3,11,12,39].

3.2. Apia Model Results

Apia model simulations were typified by rapid wave dissipation through wave breaking and bed
friction across the fore-reef slope of the fringing reefs, resulting in wave setup over the shoreward reef
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flats and rapid offshore return flow (on the order of 1 m/s) in reef passes and channels (Figure 5).
This pattern is consistent with a number of studies at other locations, e.g., [13,33,41,42]. Figure 5 also
shows the position of four locations (“offshore”, “reef”, “bay”, and “tide”) that are discussed in more
detail below. It is noteworthy that the location of the tide gauge (“tide”) in the harbour is relatively
sheltered from both high waves and wave setup.

Figure 5. Apia Model output near the peak of local water levels during Cyclone Ofa.

(Left panel): significant wave height and peak wave direction (grey arrows). (Right panel):
water levels and depth-averaged current vectors (grey arrows). Locations discussed in the
text are labelled in the right panel.

The spatial water level maxima of the Apia model simulations in the two TC ensembles exhibit a high
degree of alongshore and cross-shore variability across all three forcing regimes (“wind”, “wave”, and
“all”). These spatial patterns can be summarized by the median and 95th percentile values of the
individual ensemble maxima; these are plotted in Figures 6 and 7 for the 100-year RI baseline and 100-year
RI SLR scenario, respectively. (The spatial patterns of 50-year RI ensembles were similar albeit lower
in height so are not plotted for brevity). Median values of the 100-year RI baseline ensemble range
spatially between 0.9 and 1.9 m, except for wind forcing, which has a lower upper range, around 1.4 m
(Figure 6a—c). The low end of the median values occur near the “tide” location in the harbour and are
consistent with the 100-year RI for storm tide values (0.92 m) determined by Mclnnes et al. [11]. These
results therefore support the idea that storm tide-only values (such as presented in Mclnnes et al. [11])
are relevant for the “tide” location, which is largely sheltered from wave-induced sea level contributions
and local wind setup, but that large local excursions from this “reference” value occur due to bathymetric
and shoreline variations in the local vicinity, which are accounted for in the high-resolution modelling.
95th percentile values from the baseline, 100-year RI ensemble vary between roughly 1.1 and 2.5 m for
all three forcings (Figure 6d—f). While the ranges of ensemble values across the three forcings are similar,
their spatial patterns are not. The wind forcing regime in particular shows that locally elevated water
levels relative to the rest of the model grid are largely restricted to Vaiusu Bay (Figure 6a,d). Wave setup
is significant throughout much of the grid in the wave forcing case, especially near the reef crest offshore
from the Mulinu’u Peninsula, where values are 1 m or higher than elsewhere in the grid (Figure 6b,e);
while lower than at the reef crest, wave forcing exhibits elevated water levels (relative to wind forcing)
over much of the reef flat areas and Vaiusu Bay. Simulated “all” forcing regime water levels are
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qualitatively a combination the wind and wave forcing regime water levels (Figure 6¢,f), though not a
linear superposition of the two, particularly in areas close to shore. Reasons for this are discussed in the
following sections. Patterns of the median and 95th percentile maximum water level values for the
100-year RI ensemble that includes the SLR scenario (Figure 7) are quite similar to the baseline, 100-year
RI scenario, except being approximately 1 m higher. Here too, however, there are some significant
departures from a simple linear increase between the two, particularly over the reef flat and Vaiusu Bay
areas. This is also discussed in more detail in the following sections.

Water Level (m)

Figure 6. Water level maxima for the 100-year RI ensemble, “baseline” scenario. Median
ensemble values for “wind” forcing (a); “wave” forcing (b); and “all forcing” (¢). Subplots
(d—f) are the same as (a—c) ensemble except are 95th percentile ensemble values.

It is apparent there is a large departure between the median and 95th percentile values within Vaiusu
Bay for wind forcing (Figures 6a,d and 7a,d) relative to other areas/other forcing. This is due in part to
the high sensitivity of water levels within the bay to TC track: slight changes in maximum wind direction
lead to large changes in local wind setup due to the bay’s morphology. In fact, different areas within the
grid show highly varying sensitivity to the different forcing regimes. This is summarized in Figure 8§,
which plots the range of water level maxima amongst ensemble members for each of all ensembles at
the four locations (“offshore”, “reef”, “bay”, and “tide”) defined in Figure 5. The total range (variance)
of maximum water levels among the ensemble members is relatively low, with only small differences
between the forcing regimes not only at the offshore location (which would be expected), but also at the
tide (gauge) location. At the reef location however, it is low only for the wind forcing regime; the wave
and all forcing regimes exhibit more than three times the variance of the wind forcing, indicating the
dominance of wave setup on extreme sea level processes at this location. At the bay location (within
Vaiusu Bay), however, wind forcing ensembles exhibit a larger range of maximum water levels than the
wave forcing ensembles at the “reef” location; closer inspection of these “wind” values, relative to the
surrounding coast, reveals a strong relationship to the track of the TCs. Simulations that produced local
maximum sea levels in the southern part of Vaiusu Bay tend to be those associated with north-to-south
TC tracks and crossing in the immediate vicinity or to the west of Apia, maximising the northerly winds
on the eastern flank of the cyclone (e.g., see 50-year RI tracks 684, 975, 2909, and 2190 and 100-year
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RI tracks 613, 692, 896, 908, 981, 1396 in Figure 4). In the simulations in which maximum setup
occurred on the western side of Mulinu’u peninsula, the cyclones typically tracked from north to south
on the eastern side of Apia (e.g., 50-year RI tracks 553 and 2131 and 100-year RI tracks 819, 981, and
2454) and produced strong westerly winds after the cyclone centre crossed Samoa. Water levels in
Vaiusu Bay tended to be lower than surrounding coastal region (e.g., wind setdown occurred) for fast
moving cyclones that followed a more east-west trajectory to the north of Samoa (e.g., 100-year RI
tracks 460 and 1147) while cyclones whose track was at a greater distance from Samoa (e.g., 50-year RI
track 1081) did not produce significant wind setup in Vaiusu Bay. Conversely, wave setup values across
the Apia model domain did not exhibit nearly such local sensitivity to details of cyclone track; these
values were more dependent on TC radius of maximum winds and central pressure.
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Figure 7. Water level maxima for the 100-year RI ensemble, “SLR” scenario. Median
ensemble values for “wind” forcing (a); “wave” forcing (b); and “all forcing” (c¢); Subplots
(d—f) are the same as (a—c) ensemble except are 95th percentile ensemble values.
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Figure 8. Distribution of maximum water levels amongst 50-year and 100-year RI ensemble

members at “offshore”, “reef”, “bay”, and “tide” locations (see Figure 5). Blue, green, and

red indicate wind, wave, and all forcing, respectively (as indicated at upper left); median

ensemble values are indicated with a square; Sth and 95th percentile values are indicated

with grey bars, respectively, and ensemble minima and maxima by colored error bars. At

each location indicated, the “baseline” scenario is on the left (white background) and the

“SLR” scenario is on the right (yellow background).



J. Mar. Sci. Eng. 2015, 3 1129

4. Discussion

The results indicate that the amount of wind setup and wave setup varies locally by up to
approximately a meter for both 50 and 100-year RI cyclones. Wave setup tends to be the dominant
process, particularly at coastal locations adjacent to shore-parallel reef crests such as the Mulinu’u
Peninsula. At such locations, the results presented here closely approximate a number of analytic/empirical
solutions of wave setup which assume straight and parallel alongshore topography and wave conditions,
e.g., [8,43,44]. In particular, water levels within several hundred meters shoreward of the reef crest
fronting the Mulinu’u Peninsula (e.g., the “reef” location) simulated by the wave forcing ensemble are
within approximately 10 centimetres of the solution described by Becker ef al. [44], which is plotted for
comparison with model output in Figure 9. Closer to shore, or at other locations without a neighbouring
shore parallel reef crest of some length, these analytic methods greatly overestimate wave setup. This
would be expected, since these solutions generally assume a complete momentum balance between wave
radiation stress and pressure (water level) gradient, whereas the 2-dimensional numerical solution
presented here allows for return flow dependent on morphological details and bed roughness, as would
realistically be the case, particularly in the complex reef morphology typical of many tropical high islands.
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Figure 9. Ensemble (wave forcing, baseline, and SLR scenarios) significant wave
heights (Hs, red) and water levels (WL, blue), along a transect through the “reef” location
(shown in Figure 5); offshore is on the left side, landward direction towards the right;
topography (Z) is indicated with a black line. The analytic estimate of wave setup described
by Vetter et al. [8] and Becker et al. [44], based on H; from the Apia model, is plotted with
black circles, with the caveat that breaking parameter As is set to 1.0 (consistent with the
Apia model), rather than varying with water level.

While wave setup is the largest contributor to extreme water levels at most locations, that is not the
case everywhere. This can be visualized by subtracting the wind forcing simulations from the wave
forcing. Wave forcing is clearly dominant on the reef flats adjacent to exposed reef crests (negative
values in Figure 10a), however, the high positive values in Figure 10a indicate the dominance of wind
setup in Vaiusu Bay. Assuming that these processes are sufficiently locally independent so that separate
(uncoupled) models for wind setup and wave setup can be combined (as may be desired) requires caution
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however. Adding the wind and wave forcing results leads to an overestimate of water levels relative to
the “all” forcing in some areas, particularly near the shoreline (Figure 10b). This is primarily due to the
increasing overall water levels (and thus depths) associated with the “all” forcing, which effectively
decreases depth-integrated hydraulic roughness, allowing for greater volume transport of wind and wave
setup offshore, resulting in decreased water levels relative to an independent combination of the two.
This is also a reason that local increases in extreme sea levels are approximately 10%-30% less relative
to background increases in sea level in the SLR versus the baseline scenario (Figure 11a), although
decreased wave breaking (radiation stress) at the reef crest may also contribute. While this is potentially
good news for coastal communities such as Apia, as it ameliorates the effect of extreme sea levels under
conditions of SLR, it should be noted that this is accompanied by a relatively large increase in wave
energy reaching the inner reef areas and the coastline as shown in Figure 11b; this is also visible in the
higher SLR wave heights (compared to the baseline scenario) across the reef flat plotted in Figure 9.
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Figure 10. Differences in maximum water levels between “wind”, “wave” and “all” forcing.
(a): median difference between wind and wave maximas (wind minus wave); (b): median
differences between the sum of wind and wave maximas (with a correction to prevent double

counting tides and inverse barometer) and “all” forcing maximas.
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5. Conclusions

In this study, high-resolution numerical simulations of coupled storm surge, tides, and waves, forced
by tropical cyclone (TC) ensembles drawn from a much larger stochastically generated population [11],
were used to examine the overall local variance of extreme sea levels and the relative contribution of
wind and wave setup. Local water level excursions were found to be very sensitive to local morphology
and storm track, with median extreme sea levels (and total ranges) for each ensemble differing by a
factor of approximately two or more within less than a kilometre. Wave setup dominates extreme sea
level processes in many areas, meaning analyses that do not include wave processes may significantly
underestimate extreme sea level likelihoods in such settings. Crucially, both wave and wind setup effects
are minimal at some locations, such as near the Apia tide gauge. This is an illustration of how poorly the
likelihood of coastal inundation predicated on tide gauge data may represent the coastal areas in the
immediate vicinity, particularly in areas that lack continental shelves (e.g., oceanic islands such as those
of Samoa), something noted by a number of previous studies [6,7,9].

To maintain tractable computational costs, a reduced member ensemble strategy was used in this
study. Ensemble members were a priori based on cyclones that approximated the 50 and 100-year
recurrence intervals (RI) storm tides at the Apia tide gauge, calculated from the archipelago-scale study
of Mclnnes et al. [11], which did not consider the effects of wind-waves. While this approach is
supported by the finding that both studies produced similar storm tide values near the tide gauge site
(and other sites little effected by wave setup), the much larger overall spread of water level maxima
among ensemble members at neighbouring reefs (such as fronting the Mulinu’u Peninsula, Figure 1,
Figure 8) found in this study indicates that local incident C¢E (and, thus, wave setup) is not necessarily
well correlated with the local storm surge level (i.e., IBE + wind setup). This suggests that the same
ensemble of TCs may not approximate the same local RI water levels at neighbouring locations.
Therefore, future studies which utilize a pragmatic hybrid-downscaling approach similar to that used
here would benefit from further investigation of the relationship between wind- and wave-induced sea
level extremes, particularly when extrapolating to probabilistic statistics.

Comparisons of the high-resolution simulations show that 1 m of SLR relative to constant topography
reduces the relative amount of combined wind and wave setup (on the order of 10%—-20%) but leads to
a large increase in nearshore wave energy (up to approximately 200%) in many areas. This is primarily
due to decreased wave dissipation on outer reefs and is consistent with a number of other studies [32,44].
Seasonal and interannual sea-level variability, which is on the order of 30 cm at many Pacific islands,
most likely similarly affects momentum balances in many locations. These local changes in momentum
balances will result in changed patterns of inundation and sediment transport, particularly under
progressively changing sea level. A problem with the assumption of static (constant) topography used
in this and past studies is that it is probably unrealistic; however assuming alternate trajectories is far
from straightforward as future changes in reef calcification rates remain unclear [44,45] and synergistic
effects between water quality and sea level are likely, e.g., [46]. Changes in these processes may lead to
large changes in reef morphology, complexity, and roughness, which would then also lead to large local
changes in momentum balances. This is an area of future research important to understanding the future
effectiveness of reefs as natural coastal defences in island nations.
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Another important caveat is that the phase-averaged wave modelling in this and similar studies does
not resolve individual waves or wave groups. As such it cannot resolve processes such as wave run-up,
overtopping and infragravity frequency motions [47], which may be on the same order of magnitude as
(sea-swell frequency) wind-waves near the shoreline in fringing reef systems [9,40,48,49]. Thus,
transient extreme sea levels (e.g., time scales less than 30 min) and the extents of coastal inundation are
likely to be significantly underestimated in some areas. Phase-resolved numerical simulation of these
motions is yet again an order of magnitude more computationally expensive than the phase-averaged
models used here. This highlights the importance of good techniques to minimize (reduce) the number
of ensemble members for computationally efficient, yet statistically representative, dynamic
downscaling simulations. Improving these statistical techniques, as well as increasing computational
capacity and development of more efficient numerical approaches at scales relevant to coastal impacts,
is essential to facilitate greater usage of stochastic prediction methods, such as those presented here.
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