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Contribution of moderate climate events

to atoll island building (Fakarava, French Polynesia)

1. Introduction

Extreme climate events, including storm-related (i.e. tropical cyclones and distant-source
swells) and El Nifio- and La Nifia-related, are widely acknowledged to play a major role in
atoll island change through a complex combination of erosional and accretional processes
(Nurse et al., 2014). The effects of tropical cyclones on atoll islands have been extensively
investigated since the 1960s, and their contrasting, i.e. both destructive and constructional,
impacts highlighted at different spatial-temporal scales (Stoddart, 1969, 1971; Maragos et al.,
1973; Baines et al., 1974; Baines and McLean, 1976; Woodroffe, 1983; Scoffin, 1993; Le
Cozannet et al., 2013; Ford and Kench, 2014, 2016; Duvat and Pillet, 2017; Duvat et al.,
2017a, 2017b). In addition, over the past decade a growing number of studies have reported
the impacts of distant-source swells on Pacific and Indian Oceans’ atoll islands (Hoeke et al.,
2013; Smithers and Hoeke, 2014; Aslam and Kench, 2018; Wadey et al., 2018; Canavesio,
2019). These studies have shown that such events, which had until recently remained poorly
understood, also contribute significantly to atoll island change, in particular through
overwash-driven processes that cause island erosion and/or building, depending on the
context. Together, these studies have underscored that the response of atoll islands to cyclonic
and distant-source swells is influenced by human interferences with natural processes,
including in particular the removal of the coastal vegetation or the replacement of native
species by introduced species (Stoddart, 1963, 1965; Duvat et al., 2017a), the obstruction or
reduction in width of inter-islet channels as a result of land reclamation (Canavesio, 2019),
and shoreline hardening (Smithers and Hoeke, 2014). Although they have been less

investigated, the effects of El Nifio and La Nifia phases on alongshore sediment transport, and
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thereby on shoreline change, have been studied in Kiribati, where Rankey (2011) reported
beach migration. Moreover, El Nifio events play a major role in the occurrence of tropical
cyclones in some ocean regions (e.g. Tuamotu Archipelago, Central Pacific) that are located
outside the cyclone belt and are only liable to experience tropical cyclones under El Nifio
conditions (Larrue and Chirron, 2010). Additionally, some studies have emphasised the major
role of tsunami in atoll island building, for example in the Maldives, following the 2004
Sumatra tsunami (Kench et al., 2006). Generally, it can be noted that intense events, either
climate- or tectonic-related, have so far been the main focus of atoll geomorphic studies. The
influence of moderate climate events, such as tropical lows that do not reach the cyclone stage
and low-magnitude distant-source swells, has to date been overlooked. However, because
they are much more frequent than extreme climate events, these events can be assumed to
contribute significantly to atoll island change, especially in regions where intense climate
events are uncommon.

This article addresses this research gap by focusing on a moderate climate event, i.e. tropical
low 13F, which affected the northern part of Fakarava Atoll, Tuamotu Archipelago, in
February 2017. Based on multi-date image analysis and field observations which were
conducted before, immediately after and one year after the event, it demonstrates that
moderate climate events significantly contribute to atoll island change. This article especially
underscores their constructional effects and the interferences between the physical processes
operating during such events and human activities. It then discusses the implications of

findings for future research and coastal risk reduction on atoll islands.

2. Context of the study

2.1. Study area
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The Tuamotu Archipelago is one of the five archipelagos composing French Polynesia (Fig.
1) and the largest group of atolls (77) in the world. It is composed of two chains of atolls and
stretches >1,500 km from northwest to southeast, extending from 14°21°’S to 23°22°S and
from 134°28°W to 148°43’W. Fakarava Atoll is located in the northwestern part of the
Tuamotu Archipelago at 16°18’S and 145°36’W (Fig. 1), and is the second largest atoll
(1.246 km?) of this archipelago after Rangiroa (1.762 km?). It exhibits a rectangular shape,
measures approximately 54.9 km long from northwest to southeast, and has a maximum width
of 24.9 km (Fig. 2a). Fakarava is an open atoll having two passes connecting the open ocean
to the lagoon at it northern (Garuae Pass) and southern (Temakohua Pass) extremities. Its
lagoon is one of the deepest of the Tuamotu Archipelago, with a maximum depth of
approximately 60 m (Rougerie, 1994). The total land area of the islands that have formed on
the atoll rim is approximately 27 km?. The study area is located on the northern part of the
atoll rim, and is composed of five islands stretching >14 km between the Garuae Pass, in the
central north, and the southern end of the main village, Rotoava, located in the north-eastern
angle of the atoll (Fig. 2b). These islands are 180 to 380 m wide and perched on a
conglomerate platform which extends by 50 to 100 m seaward from the base of the beach. On
their north-facing ocean coast, they exhibit a more or less dense vegetation belt composed of
native species (Pemphis acidula, Suriana maritima, Scaevola taccada, Guettarda speciosa,
Tournefortia argentea). The population of Fakarava counted 674 inhabitants in 2017, most of
which live in the village (ISPF, 2017).

The climate regime of the study area is controlled by the combined influence of the trade
winds from the northeast to southeast directions, and of tropical and extra-tropical storms
(Andrefouét et al., 2012). In the Austral Summer (November-March), trade winds are weak
and generate moderate waves that can be disturbed by storm waves originating either from

tropical cyclones (especially during El Nifio phases), or from distant storms forming in
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northern latitudes. However, like other Tuamotu atolls, Fakarava is rarely affected by tropical
cyclones, the return period of which is ~39 years (Larrue and Chiron, 2010). The last tropical
cyclone that affected Fakarava was Orama (category 3) in February 1983 (Laurent and
Varney, 2014). During the Austral Summer, Fakarava is relatively protected from northern
distant-source waves by northern atolls due to the atoll ‘shadow effect’ (Andrefouét et al.,
2012). In the Austral Winter (April-October), the combination of stronger trade winds
(northeast-southeast, clockwise) and stronger distant-source southern swells generate more
energetic conditions in the western Tuamotu region. During this season, Fakarava is highly
exposed to the distant-source swells originating from the south and southwest, as a result of
its location at the western border of the Tuamotu Archipelago.

In the western Tuamotu atolls, the mean tidal range is approximately 0.5 m and reaches an
average of 0.65m at spring tide (Pirazzoli and Montaggioni, 1986). Based on the
reconstruction of sea levels in the Pacific Island Region over a 60-year time period (1950—
2009), Becker et al.

(2012) estimated absolute sea-level rise in the northern Tuamotu region to be 2.5 £ 0.5 mm/y.
This rate is higher than the global mean sea-level rise for the twentieth century, which was
estimated to be ~1.8 mm/y by Church and White (2011) and 1.2 + 0.2 mm/y by Hay et al.
(2015). This value is comparable to the absolute sea-level rise estimated for the Marshall
(1.4£0.6mm/y at Majuro) and Gilbert Islands (2.2+0.6mm/y at Tarawa), but smaller than the

maximal rate of 4.7+ 0.7 mm/y obtained for Funafuti Atoll in Tuvalu (Becker et al., 2012).
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Figure 1. Location map of the study area.

Fakarava Atoll is shown in blue. Other locations mentioned in the text are shown in purple.

2.2. Meteorological event of February 2017

From 13 to 20 February 2017, a tropical low developed within the South Pacific Convergence
Zone, which generated strong winds and swells across the northern Tuamotu atolls. Named
13F by the Fiji Meteorological Service on 16 February, it moved on an axis stretching from
the Society Islands to the Centre Tuamotu and Australes Islands. On 16 February at 2 pm,
French Polynesia time, the tropical low was centred 60 km to the west of Hereheretue, with

mean sea level pressure of 999.8 hPa measured on Anaa. It generated northwesterly
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maximum sustained 10-mn winds of 74 km/h, with the highest gusts reaching 106 km/h on
Hao. These strong winds generated strong swells, with wave height reaching between 4 to
4.9 m at Fakarava and up to 6.1 m between Anaa and Hereheretue. Due to the northwesterly
origin of the swells, this event mainly impacted the northwestern and northern sides of the
atoll, including the village of Rotoava. The inhabitants of the village estimated that wave
height reached up to 4 m on the northeastern ocean coast of the main island (Terorotua, 2017).
On Fakarava, the winds and swells caused the cancellation of all flights connecting the atoll to
other destinations from 15 February to 19 February. On 17 February, tropical low 13F moved
to the south-east of Tahiti, with estimated central pressure of 992 hPa, then to the northeast of
Rapa on 18, and eventually left French Polynesia on 19 February. From Gumbel distribution,
the return period of such an event is two years from mean sea level pressure (992hPa) and
three years from maximum significant wave height (6.1 m).

Compared to the most intense tropical cyclones that have affected the northwestern Tuamotu
atolls over the past century — that is, tropical cyclones Orama and Veena, in February and
April 1983, respectively — tropical low 13F can be considered a moderate event. For example,
tropical cyclone Orama, which severely affected the northwestern atolls of the Tuamotu chain
including Fakarava Atoll, exhibited a minimum sea level pressure of 925 hPa, sustained
winds of 185 km/h and a maximum wave height of [D m on the most exposed (i.e. southern)

coast of nearby Rangiroa Atoll (Duvat et al., 2018).

3. Materials and Methods

3.1. Fieldwork

Two field trips allowed to document the morphological impacts of tropical low 13F. The first
one took place in February 2017, including immediately before and immediately after the

event, as some of the authors were conducting fieldwork on the atoll when the event occurred.
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This allowed to make a qualitative assessment of the erosional and accretional geomorphic
features generated by this event along 14 km of ocean-facing shoreline between Garuae Pass
and the village (see locations on Fig. 2b). This first field trip allowed to directly observe and
thus precisely attribute impacts to tropical low 13F, and to comprehend the respective
importance of erosional and accretional features in the study area. Additionally, field
observations were used to validate the mapping of sediment deposits derived from satellite
image analysis (see section 3.2). Observations were made in the intertidal zone, i.e. on the
ocean-side reef flat, in hoa (i.e. inter-island channels), in the coastal zone on both ocean and
lagoon shores, and in inland areas. This first field trip also allowed to conduct interviews with
both local residents living in the impacted area and diving instructors who made direct
observations of impacts on the northern outer slopes of the atoll a few days after the event.
These interviews allowed to collect information on wave height at the coast, morphological
impacts inland (e.g. sediment deposition in properties) and the mechanical destruction of
corals on the outer slopes.

The second field trip was conducted from 3 to 10 March 2018, that is, approximately one year
after the event, in order to study shoreline readjustment and reef-to-shore sediment transfer
resulting from the dismantling of the accretional features that had formed in the intertidal
zone during the event. During this field trip, we took Unmanned Aerial Vehicle (UAV)
images in areas exhibiting remarkable accretional features, such as storm ramparts (see
location in Fig. 2b). This allowed to assess changes in the configuration and position of storm
ramparts and sediment transport from the intertidal to the coastal zone between February 2017

and March 2018.
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Figure 2. Location of study area and study island sections.

a and b show the coverage of the satellite images used in this study. In a, the green, yellow and red boxes

indicate 2015, 2016 and 2017 image coverage, respectively. b shows the subdivision of the study area into three
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distinct areas (i.e. 1, 2 and 3), and the extent of the no data area (corresponding to the airstrip, excluded from the

analysis). It also shows the location of some places of interest cited in the text.

3.2. Multi-date satellite image analysis

3.2.1. Image acquisition and preparation

Shoreline change analysis

The satellite images used in this study were obtained from Airbus Defence and Space
archives. Due to image availability constraints, we had to use two different images to
characterise the pre-event situation and to restrict the study area to the northeastern part of the
atoll extending from Garuae Pass to the south of the inhabited area (Fig. 2a). The pre-event
images were acquired on 11 June 2015 (northeastern part of the atoll, including the inhabited
area) and 23 October 2016 (central northern part of the atoll, including Garuae Pass and most
of the airstrip), i.e. respectively eight and four months before the event (Table 1). The post-
cyclone image was taken on 29 April 2017, i.e. approximately two months and a half after the
event. We verified that no wave event had occurred in these two intervals. In addition, we
checked the relative stability of the shoreline during fair weather periods, using the June 2015
and October 2016 images (see SM1). These checks confirmed that available images could be
used to assess the impacts of tropical low 13F. The resolution of the images (0.5 m) and
image quality were satisfactory for shoreline change digitisation. In addition, the UAV
images taken on 10 March 2018 were assembled into an orthomosaic and georeferenced in

ArcGIS 10.5.1 using ground control points extracted from the April 2017 Pléiades satellite

image.

Date Sensor Type Pixel size
11/06/2015 Pléiades-1B Multispectral 2m
11/06/2015 Pléiades-1B Panchromatic 0.5m
23/10/2016 Pléiades-1A Multispectral 2m
23/10/2016 Pléiades-1A Panchromatic 0.5m
29/04/2017 Pléiades-1B Multispectral 2m
29/04/2017 Pléiades-1B Panchromatic 0.5m
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10/03/2018 UAV RGB image 0.045 m

Table 1. Characteristics of the images used in this study.

Sediment deposits and vegetation density analysis

The analysis of sediment deposits and of the coastal vegetation density required the
generation of pan-sharpening images. These images were generated using the Gram Schmidt
Pan-sharpening algorithm (Laben and Brower, 2000) and ENVI 5.4 software. They have a
spatial resolution of 0.5 m, and were obtained by the fusion of the multispectral images at 2 m
resolution with the panchromatic image at 0.5 m. Because the 2015 and 2016 pan-sharpening
images had offsets with the 2017 pan-sharpening image, registration was made in ArcGIS
10.5.1 by translation, using geomorphic features as ground control points (2015 translation:

X=-1.5m, Y =-5m; 2016 translation: X=-2.5m, Y =-0.5 m).

3.2.2. Image analysis

Shoreline change assessment

We divided the study ocean-facing shoreline into three shoreline sections from west to east,
numbered 1, 2 and 3 (Fig. 2b). Shoreline section 1 was divided into sub-sections to account
for the alternation of ocean-facing shoreline (1a, Ic, le, 1g and 1i) and hoa-type shoreline (1b,
1d, 1f and 1h) (Fig. 3). This was not done for shoreline sections 2 and 3 which only include
ocean-facing shoreline. In line with previous studies assessing the impact of storm events on
shoreline position (Ford and Kench, 2014, 2016; Duvat et al., 2017a, 2017b), we used the
vegetation line as a shoreline proxy (Fig. 4). Along some shoreline sections, especially in the
vicinity of hoa, a low-density vegetation cover generally occurs that extends seaward over
great distances. In such configurations, we excluded the area covered with scattered plants
from the island boundary, considering the continuous vegetated part of islands to correspond
to their stable area (Fig. 4c). In addition, digitising the vegetation line was made impossible

(i.e. no data areas) by vegetation removal in some areas, especially along the airstrip (Fig. 2b)

10
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and in a quarry area (Fig. 3). To ensure data consistency and quality, the vegetation line was
digitised by a single operator and at a fixed and adequate scale of 1:800 (Holdaway and Ford,
2019). Using a second and complementary shoreline indicator to the vegetation line, i.e. the
base of the beach, was made impossible as the latter was not detectable due to extensive
sediment spreading in the intertidal area.

The errors generated by the three sources of uncertainty to be considered when interpreting
shoreline change from satellite imagery — image resolution (pixel size), image georeferencing
and shoreline digitization (Ford, 2012, 2013; Yates et al., 2013) — were estimated to be 0.5 m,
0.35 m (due to the residual error resulting from the initial offset between the April 2017
image and other images), and <2 m for the digitisation of the vegetation line. The total
vegetation line position error was therefore estimated to be <2.85 m. Shoreline change was
calculated using the Digital Shoreline Analysis System (DSAS) (Thieler et al., 2009), based
on the generation of 10 m interval transects from the baseline. The Net Shoreline Movement
(NSM), measuring the distance between two distinct shorelines, was automatically generated
for all time series (2015-2016, 2016-2017 and 2015-2017) and shoreline sections (1a-1i, 2 and
3). Transects showing changes <— 2.85 m and >+ 2.85 m respectively indicate a retreat and an

advance of the vegetation line.

11
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Figure 4. Shoreline indicator used in this study.

We used the vegetation line as a shoreline proxy, and excluded scattered vegetation. a and c illustrate the
digitisation of the pre-storm vegetation line in high- and low-density areas, respectively. b and d show the

position of the pre- and post-storm vegetation line in the same areas as a and c.

Analysis of storm-generated sediment deposits

The assessment of storm-induced sediment deposits involved (i) field observations, to
describe and geolocate sediment deposits, including those located under the vegetation cover;
(i1) the comparative analysis of the April 2017 (i.e. post-storm) image and the March 2018
(+ ~11 months) UAV orthomosaic, to analyse changes in the configuration (i.e. shape and
area) and position (i.e. migration) of storm ramparts (see SM2 for details); and (iii)
classification methods performed on pan-sharpening images using ENVI software, to map
changes in the extent of sediment deposits over the period covered by the images. The
methodological approach (see SM4) involves Principal Component Analysis (Byrne and al.,
1980; Richards, 1999; Chuvieco, 2016) and multistage unsupervised K-means classifications

(Tou and Gonzalez, 1974; Jain, 2010).

Vegetation analysis

The Normalised Difference Vegetation Index (NDVI) was applied to the pan-sharpening
images to assess coastal vegetation density within a 100 m-wide coastal strip extending
landward from the vegetation line. The values obtained are theoretically comprised between —
1 and +1, with the negative values corresponding to surfaces other than vegetation cover, such
as water or clouds, for which the reflectance in the red is greater than that of the near infrared.
While for bare soils the NDVI has values close to O (because the reflectances have the same

order in the red and the near infrared), the vegetation formations have positive values of

13
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NDVI, generally comprised between 0.1 and 0.7, and increasing with vegetation density

(Tucker, 1979).

4. Results

4.1. Storm wave-induced shoreline change

The impact of storm waves on shoreline position decreased eastward, from the highly-
exposed islands located immediately to the east of Garuae Pass to the sheltered village area.
Shoreline section 1, which was the most exposed to wave action due to its location and to its
SW-NE orientation, predominantly exhibited shoreline retreat, which was detected along
54.14% of transects, and secondarily exhibited shoreline stability, noted along 45.86% of
transects. Shoreline retreat was marked in its central part (corresponding to sub-sections le, 1f
and 1g), where 51.11 to 93.33% of transects exhibited retreat (Table 2 and SM3) and where
the lowest average and minimum NSM values were respectively comprised between —
12.78 m (1f) and —45.46 m (le). In contrast, the western part (sub-sections la, 1b, 1c and 1d)
and eastern end (1h) of shoreline section 1 predominantly showed shoreline stability, which
was detected along 55.00 (1d) to 85.19% (1a) of transects. In general, hoa shoreline sections
did not exhibit higher retreat values compared to ocean-facing shoreline sections. Shoreline
sections 2 and 3 predominantly experienced stability, which was detected along 62.72% and
97.65% of transects, respectively. Along shoreline section 2, 36.56% of transects showed
retreat.

Beyond general trends, i.e. the prevalence of retreat and stability, respectively, along
shoreline sections 1 and 2, these two shoreline sections showed high alongshore variability in
shoreline response, with some transects exhibiting a marked retreat while others (sometimes
nearby transects) exhibited stability (Table 2). The lowest NSM values obtained were <—17 m

for 6 out of the 9 sub-sections of shoreline section 1 and of —26.13 m for shoreline section 2.

14
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The almost absence of erosional transects along shoreline section 3 reflects its sheltered
position in relation to the storm waves. These results reflect the significant impact of these

storm waves on the exposed, i.e. north-facing, ocean coast of the atoll.

Number Mean Min. Max. Accretional Stable transects Erosional
Sub-sections of NSM NSM NSM transects transects
transects (m) (m) (m) Nb % Nb % Nb %
la 27 -1.31 -7.09 0.00 0 0.00 23 85.19 4 14.81
1b* 13 -2.19 -9.19 0.17 0 0.00 10 76.92 3 23.08
Ic 59 -3.35 -19.76 0.09 0 0.00 37 62.71 22 37.29
1d* 20 -4.79 -30.77 0.00 0 0.00 11 55.00 9 45.00
le 210 -6.36 -45.46 2.75 0 0.00 70 33.33 140 66.67
1f* 15 -12.78 -33.91 -2.43 0 0.00 1 6.67 14 93.33
1g 45 -3.70 -14.08 0.00 0 0.00 22 48.89 23 51.11
1h* 32 -4.74 -31.21 0.00 0 0.00 21 65.63 11 34.37
1i 50 -5.37 -17.03 0.03 0 0.00 21 42.00 29 58.00
Total 1a-1i 471 / / / 0 0.00 216 45.86 255 54.14
2 279 -3.01 -26.13 4.13 2 0.72 175 62.72 102 36.56
3 339 0.56 -3.64 3.93 7 2.06 331 97.65 1 0.29

Table 2 — Changes in the position of the vegetation line on ocean and inter-islet channel shores over

the 2015-2017 period. *sub-sections correspond to inter-islet shoreline.

4.2. The predominance of constructional vs. erosional impacts

Tropical low 13F caused extensive sediment injection into the intertidal area, that is, on the
conglomerate platform (Figs. 5 and 6), as a result of the (i) mechanical destruction on the
outer slopes (confirmed by the diving instructors interviewed) and transfer to the
conglomerate platform of living corals (Fig. 6¢), (ii) transfer of loose material, especially sand
and smooth and rounded coral rubble and blocks from the spur and groove reservoir to the

conglomerate platform (Figs. 6a, 6b, 8), and (iii) dismantling of the conglomerate platform,
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299

300
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302

303

which provided sand and smooth and rounded coral rubble and blocks that were transferred to
the coast (Fig. 6d). Extensive sand and rubble sheets and tracts formed (Figs. 5 and 6a, 6b),
stretching from the seaward boundary of the conglomerate platform where no sediment
accumulation was present before the event to the coast and even to interior areas, especially
where shore-perpendicular tracks facilitated wave penetration (Fig. 5a). Although this was not
measurable, in March 2018, we noted significant landward transfer of the sediment that had
initially accumulated on the seaward edge of the conglomerate platform. Additionally, this
storm event reactivated some non-functional hoa (Figs. 5b, 5c). Moreover, massive sand and
rubble accumulation occurred on the east-west track connecting islands between Garuae Pass

and Rotoava, which reached up to 100 m landward from the vegetation line.
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307
308
309
310

des 29/04,

Storm
rampart 2 ——— !
- 4 DR o

Extent of sediment deposits in 2015 (pre-storm)

Extent of sediment deposits in 2015 and 2017
(superimposition area)

I Extent of sediment deposits in 2017 (storm-
generated)

Figure 5. Mapping of pre-storm and post-storm sediment deposits, including superimposition

areas.

These maps highlight (in red) the extent of storm-generated sediment deposits in intertidal (including sediment
sheets and tracts and the formation of two storm ramparts), coastal and inland areas. a shows massive sediment
injection from the spur and groove system onto the narrow (~50 m here) conglomerate platform nearby Garuae

Pass. b and c illustrate the injection of sediments on the outer, i.e. seaward, border of the conglomerate platform
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311 that showed no sediment accumulation before the event; they also emphasise ocean-to-island sediment transfer

312 through hoa (b) and in ancient hoa (c)
Sub-section 1c

. — =
e e

Shoreline section 2 (north-eastern angle)

313
314  Figure 6. Accretional impacts of tropical low 13F.

315 a and b show sediment sheets. ¢ illustrate living coral inputs from the spur and groove reservoir. d show
316 important sediment inputs in a non-vegetated area and induced sediment accumulation on the main track that

317  connects western islands to the village.

318
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Importantly, this event led to the formation of two small storm ramparts on the seaward edge
of the conglomerate platform (Figs. 7 and 8) in shoreline section 1 (i.e. the most exposed to
the storm waves). These ramparts respectively formed at a distance of ~83 m (R1) and
~1.3 km (R2) from Garuae Pass (see location in Fig. 2). At the time of their formation, R1 and
R2 respectively measured 30 and 41 m in their longest axis, had maximum heights of ~1.30 m

2 and ~593.08 m%. They were principally

and ~2.0m, and a surface area of ~229.52m
composed of small coral debris (5-10 cm in diameter), mixed up with coral blocks measuring
30 to 50 cm in diameter. The material composing these two ramparts was a mix of fresh
corals and loose (and smooth) rubble. After one year, these two ramparts had undergone
major changes in configuration and position. Both showed important sediment reworking and
landward migration. In March 2018, R1 had considerably lengthened (from 30 to 80 m in its
longest axis, area of 412.96 m?), while its centre of gravity had moved landward by 23.1 m. In
the same time, R2 underwent more limited changes in shape and position, as its length

increased from 41 to 48 m (area of 599.95 m?) while its landward migration was limited to

10.7 m.
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338
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E Storm rampart in April 2017

Storm rampart in March 2018

Direction of displacement of
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Figure 7. Changes in the configuration and position of the storm ramparts after one year.

a shows R1, which formed at a distance of ~83 m from Garuae Pass and underwent marked changes in shape and

position. b shows R2, which was more massive and underwent limited changes in configuration and position,

despite, like R1, a significant landward migration.
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Sub-saction 1a {storm rampart 1)

sub-section Te (storm rampart 2)

339
340  Figure 8. Storm ramparts one year after their formation (March 2018).

341 a shows the longitudinal profile of R1, while b and c illustrate the more massive character of R2. d shows the

342  material composing R2.
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344  Tropical low 13F also caused marked erosion, including in the intertidal area, where the
345  waves caused the dismantling and scouring of the conglomerate platform, both in its outer
346  (Fig. 9a) and inner (Fig. 9b) parts, and in the coastal area, where wave attack caused not only
347  the retreat of the vegetation line, but also localised soil scouring. However, on the whole, the
348  areas experiencing sediment deposition predominated.

Sub-section 1h

Sub‘section 1e

349

350  Figure 9. Erosional impacts of tropical low 13F on the conglomerate platform.
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a illustrates the contribution of storm waves to the dismantling of the outer part of the conglomerate platform
and transfer of the smooth coral rubble and blocks removed from this platform to the shore. b shows that the
dismantling and scouring of this platform also occurred in its inner part, where it connects to the base of the

beach.

4.3. Interferences of human activities with storm-driven processes

In the study area, the major mode of interference of human activities with storm-driven
processes relates to the degradation, i.e. either partial or total destruction, depending on
locations, of the coastal vegetation belt composed of native species, which exacerbated wave
incursion inland. This was observed first, in the airstrip area (see location in Fig. 2a), where
the removal of the vegetation on both sides of the airstrip for security purposes allowed the
waves to cross over the island from ocean to lagoon, which caused extensive sediment
deposition on the airstrip (Fig. 10a). The same phenomenon, i.e. extensive overwash causing
massive sediment deposition, occurred in the quarry area (see location in Fig. 2a), where the
nearly total destruction of the coastal vegetation over a 70 m-wide and 300 m-long area
generated massive sediment accumulation, including on the west-east track and in the
vegetated area extending landward from this track (Fig. 10b). The waves also penetrated far
inland in the axis of the shore-perpendicular tracks connecting the ocean-side beaches to the
west-east track (Fig. 10c). In most depositional areas, sediment deposits, which consisted of
sand, coral debris and blocks, were a few centimetres thick. However, we also observed
sediment deposits reaching up to a few decimetres in thickness, especially in the extension of

hoa, on the west-east track and on some shore-perpendicular tracks.
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379
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Figure 10. Interferences of human activities with storm-driven processes.

a illustrates the impacts of the storm waves on the airstrip, i.e. extensive sediment deposition resulting from the
removal of the coastal vegetation. b shows the exacerbation of overwash processes and associated sediment
deposition in the quarry area, where the coastal vegetation has been extensively removed. c illustrates extensive

wave incursion inland in the axis of shore-perpendicular tracks.
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Furthermore, Net Shoreline Movement (NSM, i.e. distance between the pre- and post-storm
vegetation line position) values are generally (although not systematically) in accordance with
NDVI values indicating pre-storm vegetation density (Figs. 11). The highest NSM values (i.e.
comprised between 0 and —5 m and indicating limited shoreline retreat) correspond to the
highest (i.e. reaching up to 0.56) NDVI values indicating high vegetation density (Fig. 12).
Conversely, the lowest NSM values (comprised between —25 and —45 m and indicating
marked shoreline retreat) correspond to the lowest (i.e. <0.35) NDVI values indicating low
vegetation density. These findings indicate that a dense coastal vegetation belt composed of
native species is more resistant to storm waves than a low-density vegetation cover. We also
observed that where the coastal vegetation belt was dense, soil scouring was limited and
sediment deposition was important and restricted to a 10-to-20 m wide coastal strip. This
confirms the major role of a healthy coastal vegetation belt in protecting soils from storm-

induced scouring and in promoting beach ridge building.
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396  Figure 11. Relationship between shoreline response and coastal vegetation density.

397 a and b show that Net Shoreline Movement (NSM) values, which reflect shoreline response, are the smaller

398 where coastal vegetation density (reflected by 0.10 to 1 NDVI values) are the highest and vice versa.
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Figure 12. Distribution of NDVI values according to NSM values.
The highest NSM values (i.e. comprised between 0 and —5 m and indicating limited shoreline retreat)
correspond to the highest (i.e. reaching up to 0.56) NDVI values indicating high vegetation density
(Fig. 12). Conversely, the lowest NSM values (comprised between —25 and —45 m and indicating
marked shoreline retreat) correspond to the lowest (i.e. <0.35) NDVI values indicating low vegetation

density.
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5. Discussion

5.1. Implications for future research

Moderate climate events such as tropical low 13F have so far been overlooked by geomorphic
studies on atolls, which have focused on the impacts of more spectacular, i.e. high-energy,
climate events, such as tropical cyclones and strong distant-source swells. This study is the
first one that investigates the geomorphic impacts of a moderate climate event. Importantly,
our findings show that such climate events, which are much more frequent than tropical
cyclones — to be precise have a return period of ~ 2-3 years against 39 years for tropical
cyclones in the northwestern Tuamotu atolls — have unexpected and significant geomorphic
impacts on atoll islands. The waves generated by tropical low 13F had marked impacts all
along the north-facing exposed ocean coast of the atoll. However, in the study area, the
vegetation line predominantly exhibited stability, which was detected along 52.13% of
transects, while retreat was observed along 47.60% of transects. This finding, together with
the large extent of constructional features, including sand and rubble sheets and tracts and two
small storm ramparts that all showed significant landward migration after one year, highlights
that such moderate storms mainly have constructional effects. In this case, the storm waves
injected massive sediment inputs into the island system through the mechanical destruction of
living corals on the outer slopes and the transfer of loose and smooth coral rubble and blocks
from the spur and groove reservoir (where these materials had accumulated) and
conglomerate platform, which suffered marked dismantling, to the beaches and even to inland
areas. At several locations, the storm waves even crossed over the islands, reaching the
lagoon. Such extensive impacts, both erosional and accretional, were so far known to be
generated by high-energy climate events such as tropical cyclones and distant-source swells.

This study therefore brings new insights on atoll island change by demonstrating the
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significant contribution, and especially the accretional impact, of a moderate climate event to
island and shoreline change.

Based on these observations, we advocate that extensively assessing the geomorphic impacts
of such events on atoll islands is urgently needed to improve the understanding of atoll island
dynamics. Such knowledge is crucial in the current climate change context, in which climate-
related pressures are rapidly increasing in atoll regions and are expected to cause increased
shoreline retreat and island destabilisation (Beetham et al., 2017; Shope and Storlazzi, 2019;
Tuck et al., 2019). In fact, determining whether relatively frequent moderate climate events —
1.e. not only tropical lows forming in the intertropical zone, but also moderate distant-source
swells that affect the northwestern Tuamotu atolls 2 to 3 times a year according to their
inhabitants — offset the sediment losses caused by extreme climate events seems crucial to
properly understand atoll island change. In those atoll regions where tropical cyclones are
uncommon (e.g. in the Tuamotu Archipelago, Larrue and Chirron, 2010; in the Marshall
Islands, Ford and Kench, 2014, 2016; in the Maldives, Aslam and Kench, 2017), moderate
climate events probably play a more determinant role in island dynamics and change than
extreme climate events. Consequently, increased research efforts are needed on both their

frequency (not only current, but also projected) and their effects on atoll islands.

5.2. Implications for risk reduction on atolls

Our findings also provide major insights for coastal risk reduction on atolls. Given that the
impacts of moderate climate events, including overwash and extensive sediment deposition,
are significant and may reach the interior of islands, especially in low-lying and non-
vegetated areas, it seems crucial to preserve the coastal vegetation belt which buffers storm
waves and protects inner areas from their devastating effects from human-induced

destruction. The spatial correlations between (i) vegetation density (i.e. condition) and
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shoreline response — with shoreline retreat being inversely proportional to vegetation density
—, and (ii) vegetation density and the extent of overwash-induced sediment deposition,
advocates for the preservation, and even for the restoration where it has been destroyed, of the
coastal vegetation belt. Removing the coastal vegetation exacerbates shoreline retreat, soil
scouring, while also increasing the extent of overwash and of inland sediment deposition.
Such an exacerbation of storm impacts on both shoreline and island, which was not really
problematic (except on the airstrip) in the present case, would have much more serious
consequences in a densely-settled area. Where atoll reef-island systems keep exhibiting
natural accretional processes, as the ones described in this study, nature-based solutions,
which describe ‘actions to protect, sustainably manage, and restore natural or modified
ecosystems that address societal challenges (e.g. climate change, food and water security or
natural disasters) effectively and adaptively, while simultaneously providing human well-
being and biodiversity benefits’ (Cohen-Shacham et al., 2016: 2), should be prioritised. The
same conclusion arose from previous studies addressing tropical cyclone impacts, which also
highlighted not only the constructional impacts of such events, but also the exacerbation of
coastal erosion and flooding where human activities had led to the entire or partial destruction

of the coastal vegetation belt (Stoddart, 1963, 1965; Duvat et al., 2017a).

6. Conclusions

The study of the impacts of a moderate climate event, i.e. tropical low 13F, on Fakarava
Atoll, in the northwestern Tuamotu Archipelago, French Polynesia, based on field
observations and multi-date image analysis, brings important new insights to the
understanding of atoll island dynamics. Importantly, it shows that such events, which are
much more frequent than tropical cyclones (return period of 2-3 years against 39 years in the

present case), and have so far been overlooked, (1) have significant geomorphic impacts on
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atoll islands, and even comparable impacts (at least in nature, e.g. causing shoreline retreat
and the formation of storm ramparts and extensive sediment sheets and tracts on the reef flat)
to those of intense tropical cyclones, (2) contribute to island building through the injection of
massive sediment inputs into the island system, due both to the mechanical destruction of
living corals on the outer slopes and the transfer to the intertidal, coastal and inland areas, of
loose sediments that had accumulated in the spur and groove area and on the conglomerate
platform, (3) have less extensive (i.e. restricted to the intertidal and coastal zones) impacts
where the coastal vegetation belt composed of native species has been preserved, while
reaching inland areas over great distances (>100 m here) where the latter has been destroyed.
This last finding advocates for the promotion of nature-based solutions to face coastal erosion
and flooding in such settings, that is, for the preservation or restoration of the coastal
vegetation, and beyond, for the recognition that a continuum of healthy ecosystems (i.e. from
the reef ecosystem to inland areas, including the coastal vegetation) is required to maintain
coastal risks as low as possible on atoll islands.

In addition, these findings call for the more systematic assessment of the impacts of moderate
climate events, as these events, which include not only tropical lows that form in the
intertropical zone but also moderate distant-source swells, are much more frequent than
tropical cyclones, especially (but not only) in atolls areas that are located outside the cyclone
belt such as the Central Pacific (Tuamotu region), the Western (Marshall Islands) and
equatorial Pacific, and the central Indian Ocean (Maldives Islands). For example, in the
Western Tuamotu that are the subject of this study, tropical cyclones have a return period of
~39 years, while tropical lows and moderate distant-source swells respectively occur every 2-
3 years and 2-3 times a year. This study thus reveals an important research gap in atoll
geomorphic studies, which requires increased scientific efforts in the future, as such

constructional events may, at least in some atoll contexts (i.e. where tropical cyclones are
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uncommon) offset the potentially erosive (at least at some locations) impacts of increasingly

frequent extreme climate events.
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