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Abstract 17 

Atoll nations such as Tuvalu are considered to be amongst those most vulnerable to the 18 

effects of climate change. Here we present a national-scale coastal flood hazard 19 

assessment for Tuvalu based on high-resolution Light Detection and Ranging (LiDAR) 20 

topography and bathymetry. We follow a fully probabilistic approach, considering sea level 21 

anomalies, tides, and extreme wave conditions from a mixed climate (i.e., from distant extra-22 

tropical storms and local tropical cyclones). Nearshore processes such as wave setup and 23 

runup are also accounted for. Hazard maps were calculated for the present sea level, as well 24 

as for sea level rise projections corresponding to different shared socioeconomic pathways 25 

(SSP2 4.5 and SSP5 8.5) and time horizons (2060 and 2100). 26 

With a mean elevation of 1.55 m above mean sea level (1.37 m above mean high water 27 

spring) >25% of land area is inundated once every five years and >50% of land area floods 28 

once every 100 years nationally. Results indicate that present day 1-in-50 year floods (>45% 29 

of land area flooded) will occur more than once every five years by 2060 (annual 30 

exceedance probability >20%), even under the moderate SSP2 4.5 sea level rise 31 

projections. Results of this study highlight the pressing need for ambitious and large-scale 32 

adaptation solutions which are commensurate with projected sea level rise and marine 33 

hazard impacts. The methodologies presented in this paper can easily be applied to other 34 

low-lying islands in the tropical Pacific, where mixed climates (i.e., regular and TC 35 

conditions) and non-linear nearshore processes dominate extreme water levels and flooding.  36 
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Plain language summary 37 

Low-lying atoll nations such as Tuvalu are widely recognised to be amongst those most 38 

impacted by the effects of climate change. To make informed adaptation decisions, accurate 39 

baseline data (i.e., topography and bathymetry) and marine hazard information are 40 

fundamental. In this paper we present a national-scale coastal flood hazard assessment for 41 

Tuvalu based on state-of-the art high-resolution baseline data and statistical and numerical 42 

models. We considered the present-day sea levels and sea level rise projections 43 

corresponding to different climate change scenarios. Under present-day sea levels >25% of 44 

Tuvalu’s land area floods once every five years and >50% of land area floods once every 45 

100 years. Our results indicate a significant increase in severity and frequency of extreme 46 

coastal flooding due to climate change with present-day 1-in-50-year floods occurring more 47 

than once every five years by 2060. This study highlights the pressing need for ambitious 48 

and large-scale adaptation solutions. The methodology presented here is suitable to be used 49 

in other Pacific Island locations.  50 
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 51 

Key points 52 

 We present a probabilistic flood hazard assessment of Tuvalu considering tides, sea 53 

level anomalies, storm surges, and waves from a mixed climate (i.e., generated by 54 

tropical and extratropical storms) 55 

 A mean elevation of 1.55m above MSL makes Tuvalu highly vulnerable to wave 56 

driven flooding with >25% of land area inundated once every 5 years 57 

 Present day 1-in-50 year floods (>45% of land area flooded) will occur more than 58 

once every five years by 2060 due to sea level rise  59 
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1. Introduction 60 

Small Island States are widely recognised to be amongst those most impacted by the 61 

effects of climate change (Mycoo et al., 2022). Recent studies project a significant 62 

increase in the frequency and extent of coastal flooding in the tropical Pacific (Shope et 63 

al., 2016; Vitousek et al., 2017), posing a strong risk to the habitability of many atolls and 64 

low-lying reef islands over the coming decades (Storlazzi et al., 2018). This is particularly 65 

the case when considering other risk factors such as freshwater or land-based food 66 

supply (Duvat et al., 2021). A detailed localised understanding of the coastal inundation 67 

hazard of atolls is therefore critical for targeted adaptation and resource prioritisation. 68 

The island nation of Tuvalu is one of the few countries in the world that consists 69 

exclusively of low-lying atolls and reef islands. As such, the country and Tuvaluan 70 

People are particularly vulnerable to coastal flooding (Duvat et al., 2021; Taupo et al., 71 

2018). For example, in 2015 most of Tuvalu’s islands were severely impacted by large 72 

waves, generated by distant-source tropical cyclone (TC) Pam (Hoeke et al., 2021). In 73 

2018, a large swell generated by an extra-tropical low-pressure system in the Southern 74 

Ocean and Tasman Sea caused extensive flooding in some of Tuvalu’s southern islands 75 

(Tuvalu Meteorological Service, 2018). Additionally, to large waves generated by distant 76 

storms, Tuvalu also experiences direct hits from TCs (such as TC Bebe in 1972) and 77 

associated extreme wave and water level conditions (e.g., Maragos et al., 1973). Apart 78 

from relatively frequent wave-driven inundation events, many low-lying areas in Tuvalu 79 

regularly flood during spring tides as marine water percolates through the porous 80 

limestone and temporarily fills depressions at the surface (Patel, 2006; Yamano et al., 81 

2007).  82 

Coastal inundation in fringing-reef environments often occurs as a compound event, 83 

where waves, tides, and sea level anomalies all interact non-linearly to generate extreme 84 

total water levels (TWLs) and flooding (e.g., Becker et al., 2014; Ford et al., 2018; Hoeke 85 

et al., 2013; Wandres et al., 2020).  86 
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There are two important wave-driven mechanisms that contribute to nearshore water 87 

levels on reef-mediated shores such as the islands of Tuvalu (e.g., Beetham et al., 88 

2016). Waves dissipate as they break on the reef edge and the excess momentum flux 89 

in the water column causes a steady elevation of the mean still water surface (e.g., 90 

Becker et al., 2014). On reef-fronted islands, this effect (called wave setup) has been 91 

found to reach up to one third of the incident offshore wave heights (Munk & Sargent, 92 

1948; Tait, 1972; Vetter et al., 2010). The dissipation of swell groups also generates 93 

infragravity (IG) waves (bore-like uprush of individual waves onto the beach), which can 94 

significantly contribute to the total runup, which can be defined as the sum of wave 95 

setup, IG waves, and waves in the sea and swell frequency bands (Baldock, 2012; 96 

Pomeroy et al., 2012; van Dongeren et al., 2013; Beetham et al., 2016). Wave setup and 97 

IG waves are strongly modulated by the offshore water level conditions (i.e., tides and 98 

sea level anomalies; Beetham et al. 2016). 99 

The multivariate nature of wave-driven flooding makes the determination of wave driven 100 

inundation intensity and likelihood challenging. Hoeke et al. (2021) recently investigated 101 

nearshore extreme TWLs in Tuvalu over a 40-year period using an empirical equation by 102 

Merrifield et al. (2014). The methodology allowed to assign a probability to historical 103 

flood events such as the severe inundation from distant tropical cyclone (TC) Pam in 104 

2015. While this is useful in terms of risk knowledge and community awareness, the 105 

methodology does not (and was not intended to) provide actionable hazard information 106 

such as flood depth and extent. Process-based numerical models such as XBeach 107 

(Roelvink et al., 2009) or SWASH (Zijlema et al., 2011) have been shown to accurately 108 

resolve the nonlinear processes associated with reef-fronted flooding (e.g., Buckley et 109 

al., 2014; Quataert et al., 2015; Storlazzi et al., 2018). However, these models are 110 

computationally expensive, making their usage over large areas difficult and time 111 

consuming. To address this, Pearson et al. (2017) developed a Bayesian-based system 112 

to assess wave-driven flooding on reef-fronted coasts by creating a large synthetic 113 
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database of XBeach simulations. Rueda et al. (2019) expanded on the work by applying 114 

an interpolation technique to efficiently obtain runup estimations for infinite combinations 115 

of reef-morphologies and oceanographic forcings. More recently, Liu et al. (2023) 116 

developed an explicit wave-runup formula based on Pearson et al.’s (2017) database. 117 

However, the synthetic database of simulations only includes waves smaller than 5 m, 118 

making it unsuitable for areas with TCs (i.e., where wave heights are exceeding 5 m). 119 

Other studies investigating exceedance probabilities of extreme TWLs in areas of TCs 120 

indicated some issues in estimating return intervals for rare extreme TWLs using 121 

conventional methods such as Generalized Extreme Value (GEV) distribution. Firstly, the 122 

infrequency of TCs often fails to capture TC-driven extreme TWLs of longer return 123 

periods, particularly when basing the extreme value analysis on short observation 124 

periods (e.g., Haigh et al., 2014; O’Grady et al., 2019). Secondly, in areas where TCs 125 

and distant-storms (along with tides and atmospheric variability) modulate TWLs, the 126 

mixed nature of the extreme value distributions require special consideration (O’Grady et 127 

al., 2022). 128 

Here we present a novel, comprehensive approach to assess probabilistic inundation 129 

hazard in reef-fronted islands, accounting for all relevant drivers of coastal inundation, 130 

i.e., waves generated by tropical cyclones, extra-tropical storms, tides, and sea level 131 

anomalies. Nearshore processes such as wave setup and runup (e.g., IG wave motions) 132 

are also accounted for. The hazard assessment is based on state-of-the-art Light 133 

Detection and Ranging (LiDAR) bathymetry and topography data.  134 

Tuvalu’s National Strategy for Sustainable Development 2021-2030 (‘Te Kete’) sets out 135 

the nation’s high-level strategic plan to achieve “a peaceful, resilient and prosperous 136 

Tuvalu” (Government of Tuvalu, 2020). National outcome 4 of Te Kete is focused on 137 

increased climate change and disaster resilience. The coastal hazard information 138 

presented in this paper are fundamental for Tuvalu to make science-informed adaptation 139 

decisions. 140 

Annex 1



 

7 
 

database of XBeach simulations. Rueda et al. (2019) expanded on the work by applying 114 

an interpolation technique to efficiently obtain runup estimations for infinite combinations 115 

of reef-morphologies and oceanographic forcings. More recently, Liu et al. (2023) 116 

developed an explicit wave-runup formula based on Pearson et al.’s (2017) database. 117 

However, the synthetic database of simulations only includes waves smaller than 5 m, 118 

making it unsuitable for areas with TCs (i.e., where wave heights are exceeding 5 m). 119 

Other studies investigating exceedance probabilities of extreme TWLs in areas of TCs 120 

indicated some issues in estimating return intervals for rare extreme TWLs using 121 

conventional methods such as Generalized Extreme Value (GEV) distribution. Firstly, the 122 

infrequency of TCs often fails to capture TC-driven extreme TWLs of longer return 123 

periods, particularly when basing the extreme value analysis on short observation 124 

periods (e.g., Haigh et al., 2014; O’Grady et al., 2019). Secondly, in areas where TCs 125 

and distant-storms (along with tides and atmospheric variability) modulate TWLs, the 126 

mixed nature of the extreme value distributions require special consideration (O’Grady et 127 

al., 2022). 128 

Here we present a novel, comprehensive approach to assess probabilistic inundation 129 

hazard in reef-fronted islands, accounting for all relevant drivers of coastal inundation, 130 

i.e., waves generated by tropical cyclones, extra-tropical storms, tides, and sea level 131 

anomalies. Nearshore processes such as wave setup and runup (e.g., IG wave motions) 132 

are also accounted for. The hazard assessment is based on state-of-the-art Light 133 

Detection and Ranging (LiDAR) bathymetry and topography data.  134 

Tuvalu’s National Strategy for Sustainable Development 2021-2030 (‘Te Kete’) sets out 135 

the nation’s high-level strategic plan to achieve “a peaceful, resilient and prosperous 136 

Tuvalu” (Government of Tuvalu, 2020). National outcome 4 of Te Kete is focused on 137 

increased climate change and disaster resilience. The coastal hazard information 138 

presented in this paper are fundamental for Tuvalu to make science-informed adaptation 139 

decisions. 140 

Annex 1



 

8 
 

The paper is structured as follows: Section 2 describes the study site and the 141 

oceanographic conditions of Tuvalu. The underlying data are described in Section 3. The 142 

methodology to derive extreme offshore ocean conditions is outlined in Section 4 and the 143 

inundation modelling approach is described in Section 5. Results are presented in 144 

Section 6 and discussed in Section 7.  145 
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2. Study site 146 

Tuvalu consists of nine atolls and low-lying reef islands (Figure 1). The country has a 147 

population of 10,645 people according to a 2017 census (Government of Tuvalu, 2017), with 148 

the majority living in the capital atoll of Funafuti and with the entire population living a few 149 

meters from the coastline (Andrew et al., 2019). Like other coral reef islands, Tuvalu’s 150 

islands consist of unconsolidated and/or poorly lithified carbonate sand and gravel deposits 151 

on top of coral reef platforms (Webb & Kench, 2010). Five of the islands are classified as 152 

true atolls (Nanumea, Nui, Nukufetau, Funafuti, and Nukulaelae), meaning they have an 153 

essentially continuous rim of reef at or near the surface of the sea which surrounds a deeper 154 

lagoon. Three of the islands are classified as table reefs (Nanumaga, Niutao, and Niulakita), 155 

meaning they have a continuous land margin that completely encircles a shallow enclosed 156 

lagoon(s) or pond(s). Vaitupu possesses both characteristics of a table reef and atoll thus 157 

does not strictly conform to either definition, in that its two small lagoons are almost 158 

completely enclosed by land (Mclean and Hosking, 1991). Tuvalu’s islands are all low-lying 159 

and while various values for land area and mean elevation can be found in the literature and 160 

online, no high-resolution country-scale topographic survey had been performed prior to this 161 

study. 162 

Few studies have investigated Tuvalu’s wave climate (e.g., Barstow & Haug, 1994; 163 

Bosserelle et al., 2015b; Durrant et al., 2014), however, these studies were based on either 164 

relatively coarse global wave hindcasts or short term in-situ observations. More recently, 165 

Wandres et al. (2023) developed a 44-year (1979-2022) high-resolution wave hindcast of 166 

Tuvalu. The authors identified three main wave sources: mid-latitude storms in the Southern 167 

Ocean and in the North Pacific, easterly trade winds, and tropical cyclones. It was found that 168 

Tuvalu’s wave climate is closely linked to large-scale climate modes such as the El Niño 169 

Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), and Arctic and Antarctic 170 

Oscillation (AO and AAO). 171 
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Funafuti has a maximum tidal range of 2.4 m (Ritman et al., 2022). Sea level rise trends in 172 

Tuvalu based on tide gauge records between 1993 and 2008 were estimated to be 5.9 173 

mm/year with negligible impact from vertical land movement (Aung et al., 2009). More 174 

recently, the Guidance for Managing Sea Level Rise Infrastructure Risk in Pacific Island 175 

Countries report analysed rates of sea level rise from tide gauges across the Pacific and 176 

found a rate of 4.84 mm/year in Tuvalu (PRIF, 2021). Other recent studies investigating SLR 177 

in the South Pacific over longer time periods found similar trends. For example, a recent 178 

study deriving sea level trends from satellite altimetry estimated an increase in sea level in 179 

Tuvalu of 13±7 cm (~4.82 mm/year) between 1993 and 2020 (Marra et al., 2022). 180 

11

181

Figure 1: Map of Tuvalu and its nine atolls.182
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3. Data 183 

3.1. Bathymetry and topography 184 

Most islands in the Pacific region have no established vertical reference datum and in turn 185 

no locally referenced mean sea level. Without mapping the topography and referencing it to 186 

the sea level, accurately assessing coastal hazards and the long-term impacts of sea level 187 

rise on low-lying communities is impossible. 188 

Light Detection and Ranging (LiDAR) is a remote sensing method that uses light in the form 189 

of a pulsed laser to measure variable distances to the Earth. LiDAR surveys provide 190 

accurate (horizontal and vertical errors < 10cm) and high-resolution point cloud data that can 191 

be interpolated onto digital elevation models (DEMs). Due to their high cost, LiDAR surveys 192 

generally only focus on densely populated or otherwise high-priority areas. Through the 193 

Tuvalu Coastal Adaptation Project (TCAP), the United Nations Development Programme 194 

(UNDP) contracted Fugro to collect nationwide airborne LiDAR topography and bathymetry 195 

data (FUGRO, 2019). 196 

The initial data collection was reduced to the Geodetic Reference System 1980 (GRS80) 197 

ellipsoid. Strategic benchmarks on all nine atolls were occupied and linked to temporary tide 198 

gauges by the Tuvalu Lands and Survey Department and the Pacific Community (SPC) to 199 

reduce the final data to a local reference datum (MSL). 200 

LiDAR data were seamlessly blended with multi-beam bathymetry data previously collected 201 

by SPC (formerly SOPAC; Krüger, 2008). The multi-beam data covered water depths of ~10 202 

m up to ~2000 m around all of Tuvalu’s nine atolls. Beyond the areas of in-situ bathymetric 203 

data, the General Bathymetric Chart of the Oceans (GEBCO) was used. 204 

Tables 1 & 2 display the maximum and mean elevation above MSL for all islands and the 205 

entire country obtained from the LiDAR DEM. Mean elevations were calculated using two 206 

different methods: 1) the average elevation of the areas above mean sea level (MSL); 2) the 207 
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average elevation of all areas above mean high water spring tide (MHWS). These two 208 

methods were used as some sandbanks and reefs might be exposed at mid-tide, therefore 209 

being included in (1). The 2nd method therefore gives a better estimate of Tuvalu’s 210 

inhabitable land area. 211 

The highest points in Tuvalu are in Nanumaga and Nukulaelae (both ~10.5 m above MSL; 212 

Table 1). However, these points are results of anthropogenic activities through dredging of 213 

pulaka (swamp taro) pits. On most other atolls, the highest points were also the results of 214 

human intervention. The highest natural points in Tuvalu are in Niulakita and Nanumaga 215 

(both approximately 6.5 m above MSL) and in both cases these elevations are associated 216 

with the ocean-side storm berm landforms of the islands. Across all nine islands, the most 217 

elevated naturally occurring land is consistently associated with these oceanside nearshore 218 

storm berm features, which accreted due to the deposition of carbonate sediment during 219 

inundation events (Mclean and Hosking, 1991). 220 

Table 1: Maximum elevation of Tuvalu’s islands derived from the LiDAR DEM. Description of the points were 221 
obtained from the Government of Tuvalu Lands and Survey Department. 222 

Island Name Max. 
elevation 

Point description 

Funafuti 6.93 m The highest point is located near Queen Elisabeth Park which is a pile of sand 
that was used for leveling the surface of the reclaimed land on the main islet 
before Pacific Island Forum meeting 2019. 

Nanumea 6.71 m The highest point is located on Lakena islet, a pulaka pit (swamp taro) farming 
area for locals, thus the point is likely man-made. 

Nanumaga 10.48 m The three highest points are all situated near pulaka pits. They are related to 
spoil mounds from pulaka pit excavations. 

Nukulaelae 10.48 m The highest point is located on Fagaua islet near a pulaka pit. Thus, it is most 
likely a result of human activity. 

Vaitupu 7.68 m The two highest points to the north side of the island are situated in the 
densest area of pulaka pits. They both are likely man-made. Another similarly 
high point to the south of the island is part of the village, thus it could be a 
natural or man-made point. 

Nukufetau 5.81 m The highest point in Nukufetau is on Fale Islet. The islet is the farming area for 
locals with pulaka pits and a piggery farm. Thus, the highest point of the island 
is man-made. 

Niulakita 6.54 m The highest point in Niulakita seems to be the natural storm berm with no 
apparent structures or pulaka pits nearby. 

Nui  8.37 m The highest points on Fenuatapu (Mainland) and Meang islet are the results of 
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human intervention. Both are located near pulaka pits. 

Niutao 8.67 m The highest point in Niutao is a result of human intervention (pulaka pit).  

Overall, Tuvalu has a land area of 38.69 km2 above MSL and a mean elevation of 1.55 m 223 

above MSL (Table 2). Keeping in mind the tidal range is approximately 2 m this means large 224 

areas of Tuvalu are exposed to high tides. A better estimate of the habitable area is 225 

therefore to use MHWS as a reference datum. Across all of Tuvalu, 25.33 km2 of land area 226 

are above MHWS. Funafuti, the most populous atoll of Tuvalu, has a maximum elevation of 227 

6.93 m above MSL and a mean elevation of 1.48 m above MSL (1.12 m above MHWS). The 228 

atolls of Nukulaelae, Nukufetau, and Nui also have mean elevations <1.2 m above MHWS 229 

with median elevations <1.1 m. We compared the statistics obtained from the LiDAR survey 230 

to another commonly used topographic dataset, i.e., the Shuttle Radar Topography Mission 231 

(SRTM; Farr et al., 2007) dataset. In the SRTM dataset, the mean elevation above MSL in 232 

Tuvalu is overestimated by 7.65 m (>590%) while the maximum elevation is overestimated 233 

by 16.52 m (>250%). This highlights the inadequacy of coarse global datasets for coastal 234 

hazard assessments in low-lying small island nations and the need to invest in accurate 235 

baseline data. 236 

Table 2: Mean and median elevation and land area of Tuvalu’s islands calculated from LiDAR topography data. 237 
Mean and median elevations and land area are provided in reference to mean sea level (MSL) and mean high 238 
water spring (MHWS). 239 

Island Name Mean 
elevation 
above MSL 
(m) 

Median 
elevation 
above MSL 
(m) 

Mean 
elevation 
above 
MHWS (m) 

Median 
elevation 
above 
MHWS (m) 

Land area 
above MSL 
(km2) 

Land area 
above 
MHWS (km2) 

Funafuti 1.48 1.52 1.12 1.08 3.98 2.85 

Nanumaga 2.52 2.35 1.96 1.64 2.83 2.48 

Nanumea 1.96 1.98 1.33 1.22 3.94 3.46 

Niulakita 3.26 3.47 2.75 2.86 0.46 0.42 

Niutao 2.44 2.64 2.2 2.17 2.4 1.87 

Nui 0.97 0.56 1.17 1.09 10.87 4.25 
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Nukufetau 1.44 1.53 1.06 1.01 4.34 3.11 

Nukulaelae 1.15 1.13 1.06 1.03 3.52 1.91 

Vaitupu 1.75 1.75 1.32 1.17 6.36 4.98 

All 1.55 1.54 1.37 1.21 38.69 25.33 

3.2. Wave hindcast 240 

Wave data were obtained by performing a 44-year (1979-2022) hindcast of the wave 241 

conditions in Tuvalu using the unstructured version of the third-generation wave model 242 

Simulating Waves Nearshore (UnSWAN; Booji et al., 1996). The model is a Eulerian 243 

formulation of the discrete wave action balance equation (Booij et al., 1999). The 244 

computational mesh was generated using OceanMesh2D, a MATLAB based software 245 

package for two-dimensional unstructured mesh generation (Roberts et al., 2019). The 246 

spatial resolution of the flexible mesh ranged from 20 km offshore to 300 m around the atolls 247 

and in shallow waters. The grid domain covered the area between 11.5˚S and 4.5˚S and 248 

between 175.5˚E and 178.5˚W (12949 nodes/25269 elements). 249 

The model was forced with 1-hourly 10 m surface winds and 1-hourly 2D wave spectra from 250 

the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis v5 251 

(ERA5) (Copernicus Climate Change Service (C3S), 2017). A more detailed description of 252 

the model setup and validation is provided in Wandres et al. (2023). 253 

3.3. Offshore water levels 254 

3.3.1. Astronomical tides 255 

Tides around Tuvalu’s nine islands were obtained from the well-established global tide 256 

model TPXO8 (Egbert & Erofeeva, 2002). Tidal elevations were extracted using the Tide 257 

Model Driver (TMD) MATLAB software package 258 

(https://github.com/EarthAndSpaceResearch/TMD_Matlab_Toolbox_v2.5) for the time 259 

period corresponding to that of the wave hindcast (1979 to 2022). A previous study by 260 
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7. Discussion and Conclusion 735 

This paper presents a novel and comprehensive methodology to address coastal 736 

inundation hazard in reef-fronted islands in the tropical Pacific across a wide range of 737 

scales. Here, we apply the methodology to the atoll nation of Tuvalu, leveraging on 738 

recently collected LiDAR topography and bathymetry data. Our methodology accounts 739 

for tides, mean sea level anomalies, and storm surges, along with a mixed climate (e.g., 740 

cyclone and non-cyclone wave conditions). Shallow water processes such as wave 741 

breaking and wave transformation across the reef flats are also considered. Hazard 742 

maps (inundation extent and depths) for different return periods were calculated for the 743 

present sea level and future SLR scenarios according to the latest IPCC Assessment 744 

Report (AR6). Results indicate that Tuvalu is highly susceptible to coastal inundation, 745 

with >25% of the nation flooded once every 5 years. Present day 1-in-50 year floods 746 

(>45% of the nation flooded) will occur more than once every five years by 2060, even 747 

under the moderate SSP2 4.5 sea level rise projections thus threatening the habitability 748 

of Tuvalu. 749 

Previous studies on coastal hazards in the tropical Pacific have often focussed on a 750 

single hazard such as waves generated by distant storms (Hoeke et al., 2013; Wandres 751 

et al., 2020), local tropical cyclones (Maragos et al., 1973), or storm surges (McInnes et 752 

al., 2014) and over small areas like a single beach or island (e.g., Storlazzi et al., 2018). 753 

Other studies have used empirical equations to estimate nearshore total water levels, 754 

and applied these regionally or globally (e.g., Vitousek et al., 2017; Vousdoukas et al., 755 

2023 2018, 2017), potentially missing some important physical processes (e.g., wave 756 

setup and IG waves). The methodology presented here can be efficiently applied across 757 

large areas in a mixed climate (regular and TC conditions) while maintaining a high 758 

spatial resolution and while resolving all necessary physical processes. 759 
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Recently, O’Grady et al. (2022) highlighted the need for special consideration when 760 

investigating extreme water levels in areas of mixed climates (i.e., in areas where the 761 

extreme water levels are driven by both cyclone and non-cyclone ocean conditions). The 762 

authors developed a formulation to account for two distinct extreme value distributions of 763 

TWL in a single mixed climate. However, to resolve non-linear wave transformation 764 

processes and translate TWL nearshore to coastal inundation in mixed-climate 765 

environments, a different approach is required. Here we present an alternative 766 

framework to estimate extreme water levels and coastal flooding in a mixed climate 767 

environment by treating the tropical cyclone and the regular climate independently. We 768 

performed Monte-Carlo simulations based on a non-parametric kernel density function 769 

combined with the simulation of thousands of years of extreme TC ocean conditions 770 

based on the STORM database (Bloemendaal et al., 2020). This method allowed us to 771 

explicitly map the multivariate drivers (wave conditions and offshore water levels) to the 772 

extreme nearshore TWL and flooding. We demonstrate that higher return interval floods 773 

are dominated by local tropical cyclones in the southern islands of Tuvalu (Figure 9a). 774 

More frequent events in the southern islands are dominated by distant-source swell 775 

events (𝑇𝑇𝑝𝑝 ≥ ~13𝑠𝑠). In the northern group, most occurring inundation (i.e., ARIs ≤ 100 776 

years) is dominated by distant-source swells. 777 

Changes in wave climate were not considered in this study as changes in waves are 778 

expected to only have minimal effects on inundation levels compared with changes in 779 

sea levels. However, as global warming continues, the frequency of tropical cyclones is 780 

anticipated to decrease while the intensity of tropical cyclones will increase (e.g., 781 

Knutson et al., 2010; Portner et al., 2019). Whether this will significantly alter the coastal 782 

flood hazard in Tuvalu remains subject to further study. Similarly, there is some 783 

discussion about the extent to which vertical accretion of coral reefs and reef islands will 784 

be able to keep up with sea level rise. Some evidence suggests that so far islands have 785 

not experienced any net erosion despite increased sea levels over recent decades 786 
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(Duvat, 2018; Beetham et al., 2017; Kench et al., 2019; Webb & Kench, 2010). There is 787 

some doubt, however, that reef accretion rates will be able to keep up with accelerated 788 

rates of SLR, particularly if coral health degrades (Perry et al., 2018).  789 

In general, the susceptibility of an atoll or reef island to coastal flooding largely depends 790 

on its bathymetry and topography. In extremely low-lying islands, a small increase in 791 

MSL leads to the inundation of most of the island’s surface. Examples are Nukufetau, 792 

Nukulaelae, or Funafuti, where > 89% of the atoll areas are projected to be flooded once 793 

every 5 years by 2100, irrespective of the climate change projection (Figure 12). On 794 

higher islands like Niulakita on the other hand, the flooded area increases approximately 795 

linearly with SLR. This becomes important when prioritising adaptation measures for the 796 

different islands over the coming decades since higher islands are already naturally less 797 

vulnerable than lower lying atolls.  798 

The methodology presented here can easily be upscaled to other islands in the Pacific 799 

region, where accurate baseline data are available. Unfortunately, many islands in the 800 

Pacific region have no established vertical reference datum and have never been 801 

properly surveyed. Freely available topographic data such as SRTM (Farr et al., 2007) 802 

have large uncertainties in low-lying islands making them inadequate for actionable 803 

inundation hazard assessments. The collection of high-resolution baseline data in low-804 

lying areas should therefore be prioritised by donors and decision makers.  805 

In line with other studies (Mycoo et al., 2022; Vitousek et al., 2017), our results indicate a 806 

significant increase in severity and frequency of extreme floods due to climate change, 807 

which will threaten the habitability of low-lying islands and atolls over the coming 808 

decades particularly, when considering the already limited access to freshwater 809 

resources or farmland (Duvat et al., 2021; Storlazzi et al., 2018; Nakada et al., 2012). In 810 

addition, a study by Taupo et al. (2018) found that poorer households in Tuvalu are more 811 

likely to reside in lower-lying areas closer to the coastline, exacerbating the risk to an 812 

already vulnerable group. The present study is therefore particularly important, allowing 813 
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decision-makers to put policies and strategies into place to cope with the effect of sea 814 

level rise and coastal flooding on Tuvalu’s population and key infrastructure. To that end, 815 

and to support Tuvalu’s National Strategy for Sustainable Development (with regard to 816 

climate change and disaster resilience) the hazard information produced here, has 817 

already informed land reclamation and coastal adaptation initiatives that are currently 818 

underway in Tuvalu. Additionally, we created a graphical user interface that allows 819 

Tuvalu Government staff to navigate between different inundation scenarios and climate 820 

change projections and investigate the effect of various scenarios on the community and 821 

infrastructure. The system was deployed at the Tuvalu Government and is accessible 822 

through the intranet. A copy of the system is maintained by SPC (see Open Research 823 

section). 824 

Work is currently underway to translate the hazard data into risk information for 825 

population and infrastructure. This will enhance the actionability of the hazard products 826 

and in turn optimise their use within the Government of Tuvalu’s decision-making 827 

process.   828 
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